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REPRODUCTION IN THE WESTERN MOSQUITOFISH, GAMBUSIA AFFINIS 
AFFINIS (BAIRD & GIRARD), AND ITS USE IN MOSQUITO CONTROL 


INTRODUCTION 


This study of the natural history of the mosquito- 
fish, Gambusia, outside its indigenous area embraces 
several somewhat diverse yet intimately related bio- 
logical aspects. The productivity of this poeciliid in 
ponds, including the factors of age, growth, maturity, 
reproduction, and survival, is given particular empha- 
sis. The actual productivity in various waters is 
analyzed with primary emphasis on one pond in 
central Illinois where conditions for reproduction, 
survival and growth exceeded all expectations and 
undoubtedly approached the optimum. 

Another phase of the study treats the establishment 
and acclimatization of Gambusia into northern Illinois 
and thence into Michigan. 

The data on productivity and on the northward 
spread are brought to bear on the use of this fish 
as a mosquito-controlling agent in the northern states. 
Some data are given on the efficacy of Gambusia in 
the control of these noxious and dangerous insects in 
Michigan. 

The aspects of natural history of Gambusia that 
are given detailed consideration include: 

1. The size range and rate of growth of individ- 

uals of each sex. 

2. The size and age of males and females at first 
maturity. 

3. The length of the reproductive period in male 
and female mosquitofish. 

4. The number of broods to which females give 
birth during one season. 

5. The number of 
broods. 

6. The length of the period of gestation. 

7. The approximate life span of the species in 
nature. 


individuals in each of the 


8. The sex ratio at birth and variations in that 
ratio during the year particularly as related 
to age and size. 

9. The establishment of the mosquitofish in north- 
ern Illinois and thence into Michigan. 

10. The conditions required for a population to 
maintain itself in a climate more severe than 
that of its natural range. 

11. The effectiveness of the mosquitofish as an 
agent for the control of mosquitoes. 


Preliminary collections of Gambusia were made 


from 5 small woods ponds in the Forest Preserve 
District of Cook County, Illinois, during August 
1938. The fish had been placed in those bodies of water 


as a mosquito-control measure by the Des Plaines 
Valley Mosquito Abatement District. Those samples 
indicated that there were considerable local differ- 
ences in the various aspects of the life history of 
this poeciliid and that further collections were de- 
sirable. Accordingly, subsequent collections of mos- 
quitofish were made in an attempt to determine the 
life span of the species in nature and to secure in- 
formation on its life history and ecology under nat- 
ural conditions outside its indigenous territory. 

During the summer of 1939 mosquitofish were col- 
lected at approximately monthly intervals in an 
attempt to determine the number of broods born dur- 
ing a season, the number of individuals per brood, 
and any changes that might have occurred in the sex 
ratio at different times during the summer. The 
specimens were taken from two ponds, the Argonne 
Woods Pond and the Sanitary District Lake, in the 
Chicago region. Both of these ponds had maintained 
populations of Gambusia for at least 3 years and 
neither had been stocked with additional fish in 1939. 

In May 1940, a pond near Mt. Zion, Macon County, 
Illinois, was stocked with virgin female and male 
Gambusia in the hope that collections later in the 
summer would yield information concerning the 
length of the period of gestation, the time necessary 
for the newborn to reach maturity, the sex ratio in 
a newly established population, and the total produc- 
tion of fish in the pond. Studies on the length of 
the gestation period and sex ratio at birth were also 
carried on in the laboratory. 

Mosquitofish were introduced into several waters 
in southeastern Michigan in June 1941, in an effort 
to establish the species in that area. Observations 
were made on the life history, ecology, and the condi- 
tions required for a population of Gambusia to main- 
tain itself in a climate more severe than that of its 
natural range. Small samples of fish were taken 
from time to time for use in the laboratory, but no 
large collections, similar to those made in Illinois, 
were taken because of the possibility of seriously 
depleting the populations as they became established. 
Tn addition, many mosquitofish were introduced into 
:atural waters in different parts of the lower penin- 
sula of Michigan as a mosquito-control measure, and 
this in itself made the killing of large numbers of 
fish undesirable. 

During the summers of 1943 and 1944, experiments 
on the effectiveness of the mosquitofish as an agent 
for the control of anopheline mosquitoes were carried 
on in experimental ponds of the State Fish Hatchery 
at Drayton Plains, Michigon. 
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MATERIAL AND METHODS 
Taxonomy of Fish Studied 

The kind of Gambusia studied during the present 
investigation is the western mosquitofish, G. affinis 
affinis (Baird & Girard). The genus belongs to the 
viviparous family Poeciliidae of the order Cyprino- 
dontes. This little topminnow, so called because of 
its habit of seeking food at the surface is light olive 
with speckled fins, but is without any conspicuous 
color markings. The adult females range from 1 to 
21% in total length, whereas the mature males have 
an average total length of about 144 inches. As in 
other poeciliids, mature individuals exhibit sexual 
dimorphism; the anal fin of the female is small and 
rounded whereas that of the male is modified into 
an elongated intromittent organ, the gonopodium. 
Figure 1 shows an adult male and female Gambusia 
a. affinas. 

The genus Gambusia was established by Poey 
(1854), who simultaneously described two Cuban 
species Gambusia punctata and Gambusia puncticu- 
lata. The generic name was derived from the provin- 
cial Cuban word Gambusino as indicated by Poey, 
“El nombre debe su etimologia 4 la palabra provincial 
cuban Gambusino, que significa nada, con idea de 
chasco 6 burla: asi se dice pescar Gambusinos quando 
no se pesca nada.” “The name owes its etymology 
to the provincial cuban word Gambusino, which de- 
notes nothing, in the jocular or scoffing sense: so it 
is said to fish Gambusinos is to catch nothing.” The 
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logotype of the genus, G. punctata, was selected by 
Jordan & Gilbert (1883). 

The species with which this paper is concerned was 
described by Baird & Girard (1854) simultaneously 
as Heterandria affinis, from the Medina and Salado 
rivers in Texas, and as Heterandria patruelis, from 
the hydrographic basin of the Nueces River in the 
same state. Evermann & Kendall (1894), who first 
recognized the identity of the two nominal species, 
affinis and patruelis, of identical date, selected the 
former name. 

Regan (1913) listed Gambusia holbrookii ranging 
from Virginia to Alabama, G. patruelis from Florida 
to Texas, and G. affinis from Florida to Tampico and 
the lower Mississippi Valley. Gieser (1923) held that 
all forms of Gambusia in the United States, with the 
exception of the strikingly dissimilar species from 
Texas that he listed as G. senilis, are of the species 
G. affinis. He regarded G. holbrookii and G. patruelis 
as being merely varieties or entirely synonymous and 
without taxonomic standing. He mentioned, however, 
3 types of G. affinis that he called “Eastern form” 
found along the Atlantie coastal plain, “Central 
form” from the central Mississippi Valley region, 
and, “Western form” of the Southwest. 





Fig. 1. Adult male (above) and female (below) Gam- 
busia afinis affinis. 


Hubbs (1926) divided the genus into four sub- 
genera: (1) Heterophallina; (2) Gambusia, inelud- 
ing, under the misidentification of G. affinis, the form 
referred -to G. senilis by Geiser; (3) Arthrophallus, 
ineluding only the species G. patruelis, which ranges 
from southern Indiana and Illinois to the Gulf of 
Mexico and along the Gulf Coast from Louisiana to 
Tampico; and (4) Schizophallus, having as the type 
species G. holbrookii, which is very similar to G. 
patruelis and occurs in the Atlantic Coast drainage 
from New Jersey to Florida, and in the adjacent Gulf 
Drainage of Florida and Georgia. 

Following the introduction of the mosquitofish into 
Europe, zoologists encountered difficulties in the sys- 
tematies of the species involved. Information received 
from Professor Carl L. Hubbs prompted Lindberg 
(1934) to state that only one species of Gambusia, 
viz. G. affinis, had been transported from the United 
States for use in mosquito control, and that the spe- 
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cies was divided into two distinet subspecies: Gam- 
busia affinis affinis (Baird & Girard) inhabiting the 
lower Mississippi River drainage from St. Louis to 
Louisiana on the south, and west along the Gulf Coast 
to the Rio Grande, and Gambusia affinis holbrookii 
(Giinther) ranging from southern New Jersey along 
the Atlantic Coast to and ineluding Florida and along 
the Gulf Coast to Alabama. D’Ancona (1939) pub- 
lished a table of characters that he received from 
Professor Hubbs which pointed out the bases for the 
taxonomic separation into subspecies. The confusion 
regarding the application of the name affinis had been 
eliminated by the examination of type material. 

The natural range of Gambusia a. affinis extends 
along the Gulf Coast from the mouth of the Rio 
Grande as far west as Bay St. Louis, Mississippi, 
and through the Mississippi River and its tributary 
waters as far north as central Illinois. According to 
Forbes & Richardson (1920), “This little top-minnow, 
fairly common in extreme southern Illinois, has been 
taken by us outside that region only from Quincey, 
Meredosia, and Pekin.” That it is indigenous to that 
region is indicated by the fact that Jordan & Gilbert 
(1882) deseribed Zygonectes inurus (synonymous 
with Gambusia a. affinis) from the Cache River, IIli- 
nois. Luce (1933) reported taking mosquitofish in 
five collections from the Kalkaskia River between 
Vandalia and Venedy Station, Illinois. Dr. David H. 
Thompson, formerly of the Illinois Natural History 
Survey, in correspondence with the writer, has given 
the informtaion that Gambusia was taken from the 
Illinois River at seven places between Pekin and the 
mouth of the river during the summer of 1941. In 
Indiana, Gerking (1945) found that the distribution 
of G. a. affinis was restricted to the extreme south- 
‘western corner of the state. The first report from 
much farther north was that of O’Donnell (1935), 
who listed Gambusia affinis from the Fox River basin 
in northeastern Illinois. As indicated later, it has 
been determined that this northern occurrence resulted 
from an introduction. Meek & Hildebrand (1910) 
did not mention this genus in their “Synoptic List of 
Fishes Known to Oceur within Fifty Miles of Chi- 
cago,” and Thompson & Hunt (1930) did not collect 
the species from the waters of Champaign County, 
Illinois, where the Kalkaskia River has its origin. 
Hubbs & Lagler (1941) did not include the genus in 
their “Guide to the Fishes of the Great Lakes and 
Tributary Waters.” From this information the par- 
allel of 40° north latitude may be given as the 
approximate northern limit of the natural range of 
Gambusia. 

Gambusia a. holbrookii ranges from southern New 
Jersey along the Atlantic coast to the Florida Keys 
and along the adjacent Gulf Coast as far as Apala- 
chicola, Florida. Between this region and the eastern- 
most fringe of the natural range of G. a. affinis these 
two subspecies intergrade (Hubbs & Walker, MS). 
Gambusia a. speciosa is found in clear water streams 
tributary to the Rio Grande in Texas, in the Rio 
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Salado and Rio Juan systems in the Rio Grande 
basin of northeastern Mexico, and in the upper reaches 
of the Conchos and Soto la Marina systems of north- 
eastern Mexico (information from Professor Carl L. 
Hubbs). 

Laboratory and Field Procedures 

A bright warm day when Gambusia literally swarm 
in the shallow waters of a pond is the most advan- 
tageous time for colleeting. All collections were made 
with a one-eighth-inch-square-mesh “Common Sense” 
minnow seine, 12 feet long and 4 feet deep. 

All the fish were killed and fixed in a solution of 
10% formalin and were later preserved in 70% 
alcohol. : 

Measurements were made to the nearest millimeter 
from the tip of the snout with the mouth closed to 
the tip of the caudal fin (total length). 

All females from all collections were inspected for 
young and in each gravid female those embryos which 
had reached the “eyed stage” and.were in a similar 
stage of development were considered as in the same 
brood. Actual counts were made of the number of 
young in the individual broods. 

The sex of each fish was determined by an ex- 
amination of the anal fin. Adult males are readily 
distinguished by the modification of the anal fin into 
a copulatory organ, the gonopodium. As Turner 
(1941: 169) pointed out, the finer structure of the 
anal fin provides a criterion for the distinetion of sex 
even in very young fish: 


‘*Anchylosis of the joints of the rays begins basally and 
proceeds apically. The process consists of a gradual 
narrowing of the segmentation space and finally a com- 
plete disappearance of it. At the conclusion there is 
no trace of a division between segments and the segments 
are fused end to end.... The first visible sex differ- 
ences in the fin become apparent as a result of the 
process of solidification. In the male fin the process 
ceases after the eradication of a single intersegmental 
space while in the female it continues during the entire 
life of the animal.... The differences between the two 
sexes are easily detectable and become more pronounced 
as solidification progresses in the fin of the female and 
proceeds no further in the fin of the male.’’ 


In this study, the anal fins of all fish of a lesser 
total length than 35 millimeters which did not have 
a manifest gonopodium, were inspected with the aid 
of a binocular microscope. Sex ratios are indicated 
as the numbers of females per 100 males. 

During the course of this investigation of the pro- 
ductivity of Gambusia, 30,093 mosquitofish (19,150 
females and 10,943 males) were measured and sexed. 
To obtain the average numbers of young per brood 
carried by females of various lengths at different times 
of the year and from diverse localities, 2,381 gravid 
females which yielded 114,311 eyed embryos were 
examined. The fish were all collected during 1938, 


1939, and 1940, from several ponds in Illinois (Table 
pA 











TABLE 1. Numbers of Gambusia collected during 
1938, 1939, and 1940, and the numbers of broods counted, 
from ponds in central and northeastern Illinois. 





Pond Number of Number of 


fish collected broods counted 


Preliminary collections 


Se 1,137 272 
Argonne Woods Pond | 

ae 9 , 292 600 
Sanitary Distiict Lake 

ieee... ... ae 12,702 Ti7 
Parr’s Pond 

| ne 6,962 732 

Total...... 30 ,093 2,381 


PRODUCTIVITY 

The reproductive efficiency of an animal population 
is of primary importance in the maintenance of that 
population. Thus, in order that we may understand 
the biology of the mosquitofish more fully, and use 
that fish to its greatest advantage in mosqutio con- 
trol, it is necessary that we have definite information 
concerning the factors that contribute or detract from 
its productivity. This is true not only within the 
indigenous area of the species but also in waters into 
which it has been introduced. 

The factors that effect the reproductive efficiency 
have been grouped as follows: (1) the rate of growth 
and the maximum age and size attained by male and 
female mosquitofish, the size and age at first maturity, 
the duration of the reproductive period, and the 
period of gestation; (2) the fecundity of the female 
a shown by the number and size of the broods born 
during her lifetime, and the period of senility that 
may follow reproduction; (3) sex ratio and differen- 
tial death rate. There are then considered, (4) the 
data on general populations in various ponds. 


AGE, GROWTH AND SIZE 


Age and growth studies of a considerable number 
of freshwater fishes have been reported in the liter- 
ature. Most of the species so considered grow to a 
mueh larger size and are considerably longer-lived 
than.Gambusia. As a result those studies do not lend 
themselves well to comparison with the present inves- 
tigation. Even the ordinary methods of age and 
growth determinations are not utilizable because of 
the brevity of the life span of the mosquitofish. Al- 
though annuli are formed on the seales of Gambusia, 
the seale method for age determination is inadequate 
because in northern and central Illinois this fish sel- 
dom, if ever, reaches an age of two years under 
natural conditions. 

It is generally agreed that the maximum age and 
size of a given species of fish is variable and is 
determined by the body of water in which it lives, 
i.e. individuals of a species in one lake may grow to 
a‘ much larger size or attain a greater age than do 
fish of the same species in another lake. The differ- 
ences in length distribution of male and female mos- 
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quitofish from different waters in the sare region are 
illustrated by data secured from preliminary samples 
collected August 18-25, 1938, from 5 permanent woods 
ponds located in the Palos Hills region southwest of 
Chicago, that ranged from 3 to 6 acres in extent and 
had maximum depths of 3 to 5 feet. The shorelines 
were somewhat marshy in all ponds and each sup- 
ported a heavy growth of vegetation. The length dis- 
tributions varied widely from pond to pond (Table 
2). In each population, however, the females aver- 
aged longer and exhibited a greater range of length 
than the males. All of the fish taken in these 5 eol- 
lections were young of the year with the exception 
of 3 individuals. Secale samples from those 3 fish, 
one female 53 mm. long from Pond 2, and two fe- 
males, 54 and 57 mm. long respectively from Pond 5, 
indicated, by the presence of one annulus, that they 
had been born during the previous summer. None of 
the scales from male fish in any of the collections 
bore annuli. The largest female taken in any of the 
collections was 57 mm. long and the largest male was 
54 mm. long. Both were collected from Pond 5. 

In order to secure more adequate information on 
the rate of growth and the maximum size and age of 
Gambusia under natural conditions in northern Ili- 
nois, collections were made May 19, June 9, July 13, 
August 14, September 13, and October 19, 1939, in 
2 ponds that were markedly different in type of 
habitat and natural fertility. The Argonne Woods 
Pond lies northeast of the intersection of 95th Street 
and 100th Avenue in Palos Township one mile south 
and one and a half mile east of Willow Springs Vil- 
lage. This permanent marsh pool, 5 to 6 acres in 
area, has a more or less regular saucer-shaped basin 
with a maximum depth of 5 feet. A levee which 
raised the water to its present level was built along 
the east shore during the winter of 1937-38. A dense 
oak-maple woods completely surrounds the pond and 
approaches the shoreline in many places. A heavy 
growth of aquatie vegetation, consisting primarily of 
Ceratophyllum demersum, Myriophyllum sp., Poto- 
mageton sp., and Lemna sp., was present and there 
were many cattails (Typha sp.) at various points 
along the shore. This pond was considered to be 
high in productivity. The Sanitary District Lake, 
formed by a depression in the ground at the time the 
Sanitary and Ship Canal was built, is about 10 acres 
in extent and is located about half a mile west of 
Lawndale Avenue between the Des Plaines River and 
the Sanitary and Ship Canal in the village of Sum- 
mit. The surrounding terrain is largely clay and 
limestone and the pond was not considered to be very 
productive. Various pairie grasses and a few cotton- 
wood trees were the only vegetation in the immediate 
vicinity of the pond. No rooted aquatic plants were 
present. A levee constructed at the west end of the 
lake 10-15 vears ago raised the water to its present 
level. The meximum depth of the lake is about 8 
fcet near the levee and there is a broad expanse of 
shallow water at the east end. 


Data on age and growth of mosquitofish in a newly 
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TABLE 2. Number of male and female mosquitofish in 
collections from each of five ponds in Cook County, Illi- 
nois, August 18-25, 1938. 





Ponp 1 Ponp 2 Ponp 3 Ponp 4 Ponp 5 
(oallimeters nar Sy 2 
(mimes) | A! 99 "| 99 la! 29 Fa") 99 |AH 29 
| aeons ; 1 
ae 1 
16... 1 1 2 
17 7 6 1 
18.. 1 5 24 7 1 ] 
19 7 |! & |%'}.10 | 2 
20 4/20 | 6 | 22 8 1 
21.: 7 12 |14 |o¢ | 14 | 3 | 1 
22. 2 |12 | 16 | 63 |12 | 2} 2 1 
23. 5 [15 |10 | 52 | 6 | 4 | 10 | 1 ie 
24. 1] 4] ||] 8) 2) 5] 1 
25.. 1 | 5 |13 | 38 | 13 | 1 | 18 2 
26... $b sl. 7 jae ia} se ie} 2 1 2 
27. 3 | 6110 |21 | 2 {20 | 1 1 | 2 
28 Be Seae Sea ee 3 
29. t ) & lerh-s ; 4] 5 5 
eae. } 5 rigin 1 2 5 
31 5 oe 2 
32... 5 Sls ls 
33. 8 4 ris 
34. 21 7 we 
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Average length . 
Percentage of 
collection . . 


33.4| 27.8) 36.2 


| 92.4] 77.6] 17.8| 82.2! 68.7| 31.3] 79.3] 20.7| 13.3] 86.7 


established population were secured from collections 
from Parr’s Pond during 1940. This pond, located 
near Mt. Zion, Macon County, was formed by con- 
structing a dam across a shallow ravine in a pasture 
to provide a watering place for livestock. At the 
time it was stocked with fish in May, 1940, the pond 
was roughly triangular in shape, 75 feet long and 35 
feet wide, with a maximum depth of 2 feet. During 
the following summer the water level fluctuated ae- 
cording to the amount of rainfall, and by October 
of the same year the size of the pond had shrunk to 
50 feet in length and 20 feet in width with a maxi- 
mum depth of 12 inches. There was no submerged 
aquatie vegetation. Probably due to the, continuous 
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Fie, 2. Length frequencies of all female mosquitofish 
taken in each of six collections from the Argonne Woods 
Pond, Cook County, Illinois, during 1939. The shaded 


areas indicate the gravid females, the unshaded the 
non-gravid. 
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deposition of exereta by the eattle and hogs pastured 
in the area, plankton flourished throughout the sum- 
mer. The surrounding terrain was gently sloping 
grassland with a high clay bank on the north side 
and a few small willows grew along the shore. 


LenetH DIstTRIBUTION AND Rate OF GROWTH 
oF FEMALES 


Respective totals of 6,231 and 8,573 female mos- 
quitofish were taken in 6 collections each from the 
Argonne Woods Pond and the Sanitary District Lake 
and 3,600 females were secured in 4 collections from 
Parr’s Pond. Those fish that can safely be assumed 
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to have been present in the ponds prior to the libera- 
tion of the first brood of offspring will be referred 
to as the “parent” stocks and any fish born subsequent 
to that date will be considered as “offspring.” Parent 
fish were present in the first 4 but were not taken in 
the last 2 collections from the Argonne Woods Pond, 
whereas such fish were present in all 6 of the col- 
lections from the Sanitary District Lake. In Parr’s 
Pond only one fish of the original planting was 
found in the first collection and none were present 
in the subsequent collections. Offspring were taken 
in the last 5 collections from the Argonne Woods 
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Length frequencies of all female mosquitofish taken in each of six collections from the Sanitary District 


during 1939. The shaded areas indicate the gravid females, the unshaded the non-gravid. 
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Fie. 4. Length frequencies of all mosquitofish taken 
in each of four collections from Parr’s Pond, Macon 
County, Illinois, during 1940. The shaded areas indicate 
the gravid females, the unshaded the non-gravid. 


Pond, in the last 4 samples from the Sanitary District 
Lake, and in all collections from Parr’s Pond. 

The numbers and size ranges of all females in each 
collection are given in Table 3 for the Argonne Woods 
Pond, Table 4 for the Sanitary District Lake, and 
Table 5 for Parr’s Pond. The length frequencies 
are graphically represented in Figures 2, 3, and 4 
respectively. 

AGE AND GROWTH OF PARENT FISH 

The parent stock of Gambusia in the Argonne 
Woods Pond grew more rapidly and to a larger size 
than did those in the Sanitary District Lake. The 
average size of the parent fish in the Argonne Woods 
Pond increased from 37.9 mm. on May 19 to 52.6 mm. 
on July 13, a growth of 14.7 mm, in a period of 55 


days. The parent fish in the Sanitary District Lake 
grew much more slowly; from an average length of 


38.1 mm. on June 9 to one of 40.4 mm. on September 
in 96 days. 


14, an increase of only 2.3 mm. In the 
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Argonne Woods Pond, the females reached a maxi- 
mum length of 59 mm. (Table 3) by the middle of 
July in their second summer of life, after which time 
they began to die off rapidly (only a few attained a 
greater length than 56 mm.). The parent females in 
the Sanitary District Lake grew to a maximum length 
of 47 mm. (Table 4) but only relatively few attained 
a greater length than 43 mm. The numbers of these 
fish in the collections did not indicate any great mor- 
tality until after September 13 when they became 
seareer and also appear to have stopped growing. 
Fair numbers of the parent stock lived through their 
second summer in the Sanitary District Lake, how- 
ever, as they were present in the October collection. 
The presence of so many parent fish in October raises 
the interesting possibility of survival into the third 
summer. However, none of the fish taken early in 
the season from either of the ponds bore more than 
1 annulus on their seales. As mentioned earlier, only 
one of the original fish stocked in Parr’s Pond was 
taken in the collections. That fish was known to 
have been in its second summer of life (1 annulus). 
Collections made in Parr’s Pond by Dr. George W. 
Bennett of the Illinois Natural History Survey the 
following spring (1941) failed to reveal any of the 
original stock. 

Apparently the fish in the Argonne Woods Pond 
and Parr’s Pond, having grown rather rapidly and 


TABLE 3. Numbers of female mosquitofish, both par- 
ent and offspring, with minimum, average, and maximum 
total lengths in millimeters, in each of six collections 
from the Argonne Woods Pond, Cook County, Illinois, 
































1939. 
| OFFSPRING PARENTS 
. ll 2 i 
Collection | Length adil 
. | Number a Number | ah FE 
| | 
| | Min. | Av Max | Min. | Av. | Max. 
May 19....... Rex Ss re 39 | 33 | 37.9| 45 
June 9 1,321} 10 | 17.4] 23 | 74 43 Fe. 59 
July 13....... | 1.367 | 11 | 26.4) 41 | 215 E 46 | 52.6| 58 
August 14 | 2,214} % | 26.5| 44 4 | 50 | 8} 55 
September 13...|. 371 | 14 | 25.3 | 43 a ie 
October 19... . .} 624 | 16 | 29.9! 46 
TABLE 4. 


Numbers of female mosquitofish, both par- 
ent and offspring, with minimum, average, and maximum 
total lengths in millimeters, in each of six collections 
from the Sanitary District Lake, Cook County, Illinois, 
1939. 























OFFSPRING PaRENTS 
Date of g me ik 7 pie 
Collection | Length } Length 
| Number |_ Number ‘ 
Min. | Av. Max. | Min. | Av. | Max. 
May 19........| + a B 2 | 31 | 31 | 31 
June 9... | eee ina | - | 71 | 82 | 38.1] 44 
July 13... 1 224) 24. 4] 28 324 | 33 39.5 44 
August 14 | 811; 19 26.9 32 | 917 34 40.1 44 
September 13...| 1,863 | 13 27.4 34 | 398 36 40.4 47 
October 19... . 2,777 | 17 28.3 34 | (196 | 36 | 39.6 | 45 
| | 
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TABLE 5. Numbers of female mosquitofish, both par- 
ent and offspring, with minimum, average, and maximum 
total lengths in millimeters, in each of four collections 





from Parr’s Pond, Macon County, Llinois, 1940. The 
single parent fish was from the original planting. 
OFFSPRING PARENTS 
Date of I aha 
Collection Length Length 
Number __ __| Number _ __ e as 
Min Av Max Min Av Max 
July 31 404) 15 | 29.8) 45 1 52 | 52 | 52 
August 13 1,042 10 25.6 49 
September 19 920 13 27.1 49 
October 4 1,144 1 28.3 49 


to a larger maximum size as compared with those of 
the Sanitary District Lake, disappeared from the 
population very shortly after the end of the repro- 
ductive period, whereas those from the Sanitary Dis- 
triet Lake, having grown more slowly and to a smaller 
maximum size, continued to live on for some time. 
In both eases, however, the parent fish did not sur- 
vive to the third summer (2 annuli). The fact that 
the parent females in all of the ponds disappeared 
from the populations after their reproductive period 
regardless of their size and did not survive to their 
third summer of life leads to the belief that the max- 
imum life span of these individuals seldom, if ever, 
extends over more than two summers. 

In all of the collections of mosquitofish made by 
the writer, the largest female individual encountered 
was 63 mm. long. It was taken in her second summer 
of life from a small artificial pond in Oakland 
County, Michigan. A female G. a. affinis of similar 
length was the largest specimen in any of the col- 
lections of the Museum of Zoology at the University 
of Michigan. 

S1zE AND GROWTH OF OFFSPRING 

The newly born young of Gambusia are usually 
8-9 mm. long. Determination of growth of the off- 
spring from the length-frequency, data in Figures 2, 
3, and 4 is made somewhat difficult by the presence 
of several broods of young that were born at different 
times during the summer. These broods of young, 
east at rather regular intervals, reflect their growth to 
a certain extent by modes in their length frequencies. 
These modes, however, may be obscured in samples 
taken late in the summer because of variations in the 
periodicity at which broods are liberated and because 
individuals of the first brood of offspring, having 
become mature, give birth to offspring at intervals 
not necessarily coincident with those of the parent 
stock. 

The first offspring in the Argonne Woods Pond 
were present in the collection of June 9. There was 
a rapid inerease in the length of these individuals 
early in the season followed by a slower growth rate 
later on. From a length of 8-9 mm. at birth (about 


June 1), they exhibited a maximum increase in length 
of 14 mm. the first 9 days and within 43 days after 
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b:rth had attained a maximum total length of 41 mm. 
However, in an additional 32 days (75 days after 
birth) the maximum size was increased to only 44 mm. 
Apparently this brood had begun to die off by the 
middle of August inasmueh as it was not manifest in 
the September or October collections. The actual 
rate of growth of the other broods is obscure. 

No offspring were taken in the collections from the 
Sanitary D’striet Lake until July 13. The first brood, 
probably born shortly after the middle of June (based 
on the stage of development of embryos carried by 
females in the June collection), did not grow as rap- 
idly or attain so large a size as those in the Argonne 
Woods Pond. These more slowly growing individuals 
reached a maximum size of 28 mm. in the first 25-30 
days of life (an increase in length of 19 mm.) and 
a month later had grown only an additional 4 mm. If 
the largest individuals of this first brood were still 
present at the time of the October collection, the 
maximum size could not have been greater than 
34 mm. 

The offspring in the population of Parr’s Pond 
grew even more rapidly and to a greater length than 
those in the Argonne Woods Pond. The first brood 
was born about July 8 (based on an estimate of 49 
days, from the time of stocking, for incubation and 
attainment of maturity—see page 15) and had at- 
tained a maximum length of 45 mm. by July 31— 
an increase of 36 mm. in 23 days. In the subsequent 
13 days those fish grew an additional 4 mm. to a 
maximum size of 49 mm. Similarly as the fast- 
growing fish in the Argonne Woods Pond the indi- 
viduals of the first brood in Parr’s Pond began to 
disappear from the population by mid-August and 
were not present in the September and October 
collections. 

Thus, individuals of the first brood of offspring 
in rapidly growing populations of G. a. affinis (Ar- 
gonne Woods Pond, Parr’s Pond) live only a few 
months and seldom, if ever, survive to the second sum- 
mer of life, whereas, those of a more slowly growing 
population (Sanitary District Lake) tend to live 
longer and may survive to the second summer. In 
both the fast- and slow-growing populations, however, 
individuals of the broods subsequent to the first, al- 
though they grow just as rapidly and attain as large 
a size as those of the first brood, apparently survive 
the winter and are present in the population of the 
following year as the parent stock. 


Size anp AGE aT First Maturity AND LENGTH 
OF THE REPRODUCTIVE PERIOD IN FEMALES 

In a fish that is as promiscuous in its breeding 
habits as Gambusia there is little chance that copula- 
tion will not take place as soon as the female is 
physiologically ready to bear young. Hence the pres- 
ence of fertilized ova is the best available macroscopic 
indication for the attainment of maturity in female 
mosquitofish. The age and size at first maturity are 
dependent on the time of year when the female off- 
spring are born and on the rate of growth. In all 
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of the ponds observed in this study there was an 
abundance of mature male mosquitofish. 

Thé numbers of gravid and non-gravid female mos- 
guitofish which had attained a length as great as that 
of the smallest gravid female taken in the collections 
from the Argonne Woods Pond, the Sanitary District 
Lake, and Parr’s Pond are given in Tables 6, 7, and 8 
respectively. All fcmales taken in the May and June 
collections from the Argonne Woods Pond and the 
Sanitary District Lake were gravid and had obviously 
survived from the preceding summer. No samples 
were collected from Parr’s Pond until July 31. Gravid 
voung-of-the-year females were first taken in the July 
collections from all 3 ponds. 

The smallest gravid mosquitofish was taken from 
the Argonne Woods Pond on July 13. It was 31 mm. 
long (Table 6) and was probably not more than 6 
weeks old (see page 11). Among the other young 
of the vear in the July collection, the fish that had 
reached a length of 33 mm. were predominantly 
gravid and all those 35 mm. or more in length carried 
eyed embryos. Inasmuch as the smallest gravid fe- 
male carried eyed embryos abcut midway in their 
development, it is apparent that they had reached 
maturity at an earlier date and probably were con- 
siderably smaller when they first became mature. In 
the August collection from the Argonne Woods Pond 
only a part of the female offspring whose lengths 
were 4] mm. or greater were gravid and none of the 
many individuals between 31 and 41 mm. long ear- 
ried voung. Also one of the parent fish (50 mm. 
long) taken in that collection was not gravid. No 
cravid fish were collected in September or October. 

In the Sanitary District Lake (Table 7), the small- 
est gravid female was 26 mm. long. It was collected 
on July 13. Along with 8 others it carried embryos 
that had not yet reached the eved stage. None of 
the young of the vear taken in this lake on July 13 
carried eyed embryos. These young, probably 4-5 
weeks old, were either missed in the collection of June 
9 or were born very shortly thereafter. There was 
no sharp demareation between the lengths of the 
gravid and non-gravid females in the July or August 
collections. 

The smallest gravid females in the collections from 
Parr’s Pond were 24 mm. long (Table 8). In all 
probability they were members of the second brood 
of offspring liberated by individuals of the original 
stock (see page 12) and were not more than 4 weeks 
old. In the July collection the females that were 
26 mm. or more in length were predominantly gravid 
and all but 21 of the 276 females 29 mm. long or 
longer were gravid. In the August collcetion those 
that had reached a length of 28 mm. or more were 
predominantly gravid and only 8 of the 316 indi- 
viduals 30 mm. or more in length did not carry young. 
In that sample all females that were 39 mm. long or 
longer carried young. In Parr’s Pond, but in none 
of the other Illinois ponds, a few of the females taken 
during September and October were gravid. 
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TABLE 6. Numbers of gravid and non-gravid female 
mosquitofish which had attained the length of the small- 
est gravid female (31 mm.) taken in six collections from 
the Argonne Woods Pond, Cook County, Illinois, 1939. 
No non-gravid females were taken in the first two eol- 
lections and no gravid females were taken in the last 
two. 
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In the collections from the Argonne Woods Pond 
and the Sanitary District Lake single modes in the 
length-frequency distributions indicate that only the 
first brood of offspring reached maturity during the 
first summer of life. In comparable data from Parr’s 
Pond, however, there are 2 apparent modes in the 
length frequencies of each of the first 3 collections, 
indicating that not only the first brood, but the see- 
ond as well, reproduced during the first summer. In 
all ponds the first offspring were born before July 13 
and their age at first maturity was 4-5 weeks. Fur- 
ther, these broods, as refleeted by their numbers in 
succeeding collections, were rapidly disappearing 
from the population by late summer. Thus it may 
be assumed that, in Illinois, mosquitofish which be- 
come gravid during their first summer of life do not 
survive to the following summer and the length of 
their reproductive period is limited to 8 or 10 weeks 

On the other hand, non-gravid offspring as large 
or larger than the gravid individuals were present in 


the populations later in the vezr. It is not known 


why the female offspr’ng taken in August (second 
brood in the Argonne Woods Pond and Sanitary Dis- 
trict Lake; third brood in Parr’s Pond) were not 
gravid, although they were as old and as large as 
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TABLE 7. Numbers of gravid and non-gravid female 
mosquitofish which had attained the length of the small- 
est gravid female (26 mm.) taken in six collections from 
the Sanitary District Lake, Cook County, Illinois, 1939. 
No non-gravid females were taken in the first two collec- 
tions and no gravid females were taken in the last two. 
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the gravid young-of-the-year females collected in July. 
Larger offspring (earlier broods) collected at the 
same time were gravid. If ample time remained for 
those older offspring to bear a brood of young ecer- 
tainly time must have been sufficient to allow the 
younger ones to follow suit. Perhaps the younger 
ones, although of a size and age comparable to the 
older individuals when they bore their first brood, had 
not become physiologically ready to bear young. The 
fact remains that individuals of the later broods (born 
after mid-July) did not become gravid but rather 
survived the winter and were present at the begin- 
ning of the following season as the parent stock. 

As previously stated, the parent fish, when taken 
in the May collections from the Argonne. Woods Pond 
and Sanitary District Lake, were gravid. These fish, 
having been born sometime after mid-July of the pre- 
ceding year, were 8-10 months old when they first 
became gravid. They continued to bear young until 
they disappeared from the population during July 
and August. The numbers of these fish, as reflected 
by the length-frequeney distributions in the first 4 
collections, had disappeared by September. Having 
been gravid since early May and, in some cases, con- 
tinuing to bear young until late August these indi- 
viduals exhibited a reproductive period of about 14-15 
weeks. 


Sokolov (1936) recorded an average growth among 
adults of Gambusia from 34 mm. on June 9 to 42 mm. 
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on August 27, an increase in length of 8 mm. in 79 
days. Among the offspring he found that growth 
proceeded from 7.6 mm. at birth to 23.1 mm. at an 
are of 37 days, an inerease of 15.5 mm. Further, 
Sokolov maintained that the offspring reached puberty 
within 36-40 days after birth but that the peak of 
fecundity was not reached until the fish attained a 
length of 45-50 mm., a size that corresponded to an 
age of 2-3 years as shown by an analysis of their 
seales. The largest fish attained a length of 50-55 
mm. The fish referred to by Solokov had been in- 
troduced into rice fields in Turkestan as a mosquito- 
control measure. Sella (1929) found that only a 
small number of mosquitofish attained an age of 2 
vears when living under “natural conditions” in stock 
ponds in central Italy. Regarding the question of 
maximum age among mosquitofish under natural con- 
ditions, the writer is in agreement with Sella inasmuch 
as no fish taken from the Argonne Woods Pond or 
the Sanitary District Lake, where populations of 
Gambusia had maintained themselves for several 
years previous to the time of collection, had entered 
their third year summer of life (2 annuli). Sokolov, 
in admitting that mosquitofish reached maturity when 
36-40 days old and then maintaining that they did 
not reach their peak fecundity until an age of 2-3 
TaBLE 8. Numbers of gravid and non-gravid female 
mosquitofish which had attained the length of the small- 


est gravid female (24 mm.) taken in four collections 
from Parr’s Pond, Macon County, Illinois, 1940. 
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years, inferred that the rate of growth between those 
ages was extremely slow. After having reached a 
length of 23 mm. in 37 days it required an additional 
2 years for them to double their length and reach 
the height of the reproductive period. The fish in 
the Sanitary District Lake, which grew almost as 
slowly as those referred to by Sokolov, reached their 
peak fecundity at a smaller size (about 40 mm.) but 
apparently did not survive until their third summer. 
It may be that the individuals in the rice fields of 
Turkestan, having grown more slowly, lived to a 
greater age than those in any of the Illinois ponds. 

Zanco (1933) reported having kept an individual 
of G. holbrookii living under aquarium conditions to 
an age of at least 5 years. The writer has kept indi- 
vidual mosquitofish in aquaria for nearly 4 years. 
Such longevity is probably to be attributed to the 
fact that the life span of many animals may be con- 
siderably prolonged when kept under conditions of 
semi-starvation. 

GESTATION PERIOD 


Information on the period of gestation was obtain- 
ed by observing Gambusia in aquaria. Four adult fe- 
male mosquitofish were placed in aquaria with mature 
males and as soon as copulation had taken place the 
females were separated from the males and placed 
in individual aquaria. These fish were fed daily and 
the aquaria were kept at room temperature. The 
incubation period ranged from 21 to 28 days (Table 
9) and the average of the 14 gestation periods was 
23.9 days. It should be mentioned here that some of 
the broods contained young that were slightly pre- 
mature, that is, the yolk sae was not completely 
absorbed. — 

That the period of gestation under natural condi- 
tions is approximately the same as in the aquarium 
experiment is indicated by observations made in 
Parr’s Pond during the summer of 1940. The patent 
vent and the still slightly distended body cavity indi- 
cated that some of the young-of-the-year female mos- 
quitofish taken on July 31 had released a brood of 
young very recently. Here, the third generation made 
its appearance within 71 days after the pond was 
stocked. During that time the virgin females orig- 
inally placed in the pond were fertilized, liberated a 
brood of young, which in turn reached maturity, were 
fertilized, and gave birth to a brood. Thus, the 71-day 
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period is to be divided into 2 periods of gestation 
and the period required for the first brood to reach 
maturity. Using a figure near the minimum observed 
period of gestation and assuming that the duration 
of both incubation periods was the same and that the 
time required for the young to reach maturity was 
slightly under 4 weeks, a division of the 71-day in- 
terval into 2 gestation periods of 22 days each and 
a lapse of 27 days for the young to reach maturity 
seems a reasonable approximation. It has been shown 
previously that mosquitofish usually grow much faster 
under such favorable natural conditions as those in 
Parr’s Pond than they do in aquaria. 

Seale (1917) recorded periods of gestation for 5 
separate broods of young liberated by a single mos- 
quitofish between December 8, 1915 and June 23, 
1916. The duration of those periods ranged from 21 
to 79 days, with an average of 39.6 days. The long- 
est incubation period is far out of line with the other 
4, which averaged 29.8 days. The shortest period of 
gestation was the same as that observed in the present 
study but that of the longest was more than 3 times 
as great. 

In observing the parturitions of 29 female mos- 
quitofish living under conditions simulating those of 
nature, Dulzetto (1928, 1934, 1935) found that the 
49 intervals between broods ranged from 19 to 61 
days with an average of 27.7 days. The longest 
period, which occurred between the first and second 
broods liberated by a female during the summer of 
1933, was referred to as abnormal. 

Working with G. a. holbrookii in the region of 
Moscow, Samokhvalova (1941), found that, whereas 
the size of the aquaria, the temperature of the water, 
and the number of fish per unit of volume of water 
have an effect on the growth of that poeciliid as well 
as all other fish, those factors were not decisive in 
causing the under-development of aquarium-reared 
Gambusia. The decisive factor was held to be direct 
sunlight. When the aquaria were placed in the direct 
sunlight, the mosquitofish grew well and began to 
spawn. When moved back to ordinary laboratory 
conditions, the fish in the aquaria continued to grow 
for a short period of time and then apparently re- 
lapsed to subnormal growth and reproduction. It was 
concluded that sunlight is one of the chief pre- 
requisites for the normal growth and spawning capac- 


TABLE 9. The date of fertilization, date of birth of each brood, and number of days in the periods of gesta- 
tion for each brood liberated by four female mosquitofish in laboratory aquaria, 1940. 
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ity of mosquitofish under either laboratory or natural 
conditions. 

Gambusia is one of the poeciliids that does not 
exhibit superfetation (Turner 1937). One brood of 
young is born before any other ova have matured suffi- 
ciently to be fertilized. 
broods. 


There is no overlapping of 
Consequently only a single brood of develop- 
ing embryos is present in the ovary at any one time 
and the embryos in that brood are in a similar stage 
of development. The studies of Kuntz (1913) and 
especially those of Turner (1937) have adequately 
outlined the reproductive cycle of Gambusia. 

The manner in which the young of Gambusia are 
born was observed while collecting data on the dura- 
tion of the period of gestation. All young were lib- 
erated individually. Some were born headfirst, some 
tailfirst, and some sideways and they were always 
more or less ball-like when released. Parturition of 
a single brood required from 23 to 67 minutes. Some- 
times a single offspring was released and then, after 
an interval of several minutes, 3 or 4 were liberated 
in rapid succession, followed by another time interval 
and the release of more young. The greatest number 
of young observed to be released in‘rapid succession 
was 6, born in an interval of 3 seconds. The birth 
of a brood on August 27, 1940, was annotated as 
follows: “. . . She was seen to give birth to 23 young 
of which 9 were eaten immediately upon being lib- 
erated, the remaining 14 young were removed from 
the tank. Then the female birth to 9 more 
young in groups as follows: 1, 3, 2, 2, 1, which were 
devoured as soon as each group was released. Ten 
other young born later were rescued from the aqua- 
rium and placed with those which had been removed 
previously. .. .” The interval of time required for 
the birth of the 42 young was 52 minutes. Perhaps 
the removal of some of the young from the aquarium 


gave 


either lengthened or shortened the process to some 
degree. As soon as the young were born they sank 
to the bottom of the aquarium where they remained 
for several hours, rising to the surface at intervals. 
Within 5 hours after birth all of the young were 
actively swimming and feeding. 

Ryder (1885) reported the observations of Mr. 
A. A. Duly on the manner in which Gambusia are 
born: 


‘*The young when born are stated by Mr. Duly to be 
about three-eighths of an inch in length, and to be ex- 
pelled in a single mass, consisting of eight to eleven 
young fishes at a single effort. This mass as soon as it 
escapes is seen to be composed of infant Gambusia, 
which at once separate and swim away. ... My in- 
formant also tells me that the parent fishes devoured 
their young as soon as they were born if they were not 
separated, by transferring one or the other at once to 
another aquarium. . He also noticed that more than 
one brood seemed to be produced by the same parent 
consecutively and during the same season... .’’ 


The birth of the young as described by Mr. Duly 
does not conform with observations made during the 
present study. 
born in masses of several individuals but were always 


Gambusia were never observed to be 
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liberated singly though often released in rapid sue- 
cession. The young at birth, when rounded up, are 
2-3 mm. in diameter and it would be physically im- 
possible for any adult female mosquitofish to expel 
a mass of 8-11 offspr:ng at a single effort. Figure 5 
shows a gravid female mosquitofish with her brood 
of 79 embryos which had been removed prior to birth. 
These embryos were fully developed and nearly ready 
to be released. Figure 6 shows an adult male and 


female mosquitofish together with some newly born 
young. 





Fig. 5. Gravid female of Gambusia and brood of 79 
eyed embryos. These embryos are nearly fully devel- 
oped, the yolk sac having been completely absorbed, and 
are about ready for birth. 





Fie. 6. Adult male and femaie of Gambusia together 
with young (the female is not the parent). The young 
are about four hours old. 
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FECUNDITY 

The numbers of ova produced by various species 
of teleost fishes are roughly proportional, inversely, 
to the life expectancy, which to a large degree is 
determined by the extent of parental care. Loss at 
any immature stage needs to be compensated for by 
greater fecundity. In some fishes, as the cod and 
pollock, several million eggs may be shed by a single 
female, and a number of fresh-water species are 
known to deposit many thousands of ova at each 
spawning. Although predation and other factors lead 
to the destruction of enormous number of eggs, at 
least enough ova produce young which reach maturity 
to insure maintenance of the population. Gambusia 
and other Poeciliidae contrast with fishes that produce 
thousands or millions of unprotected eggs in that they 
are viviparous and the number of young in a brood 
rarely exceeds 300. The newborn fish, having been 
protected from many of the dangers that beset the 
larvae of oviparous fishes, are at an advanced stage 
of development and, being very active, begin to fend 
for themselves immediately. Thus, although the num- 
ber of individual mosquitofish in a single brood is 
very small as compared with the number of eggs de- 
posited by most oviparous fishes, nearly all of the ova 
fertilized in the poecillids become well-developed 
young. This viviparity coupled with the release of 
several broods during each season tends to assure the 
perpetuation of the race. 

The present study shows that the number of young 
produced by a single female mosquitofish depends on 
the number of broods liberated during a season, the 
length of the mother fish, the time of season at which 
the individual broods are east, and the locality in 
which the mother fish lives. These factors are inter- 
dependent. The number of young carried by a female 
of a given size in a fertile pond is larger than the 
brood carried by a female of the same size in a pond 
that is not so productive. Similarly, the size of the 
brood carried by a femaie of a given length at the 
height of the reproductive season is larger than that 
carried by a female of the same length at a later 
date. 

The marked correlation between the brood size and 
the length of the mother fish and the differences with 
locality were determined by an analysis of the col- 
lections that were made from the various ponds dur- 
ing the summers of 1938-1940. There were wide 
differences in the sizes of the broods carried by fe- 
males in the 5 ponds near Chicago in 1938. Further- 
more, the data from the Argonne Woods Pond, the 
Sanitary District Lake, and Parr’s Pond showed that 
the differences were manifest in successive collections 
taken throughout the summer. The first 2 ponds from 
which successive collections were made supported 
standing populations of mosquitofish and were con- 
siderably’ different in type of habitat and natural 
fertility. Parr’s Pond, on the other hand, supported 
a newly established population and, due to the effects 
of the continuous deposition of excreta on the sur- 
rounding terrain by cattle and hogs pastured in the 
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area, was probably more fertile than either of the 
other ponds. 

The information on the fecundity of Gambusia a. 
affinis presented here is based on actual counts of 
2,380 individual broods that yielded a total of 114,311 
eved embryos. The largest number of embryos in one 
brood, 315, was earried by a 59 mm. female of the 
parent stock taken from the Argonne Woods Pond 
on June 9. The smallest brood carried by female 
of that stock was one of 10 embryos taken from a 
specimen 35 mm. long from the Sanitary District 
Lake. Among the voung of the vear the largest 
brood, 218 embryos, was taken from a 47 mm. female 
from Parr’s Pond on August 13, and a single em- 
brvo from a 34 mm. fish taken in the Sanitary District 
Lake on August 14 comprised the smallest brood. 


NuMeBers OF Broops LIBERATED BY A FEMALE 
Durinc a SEASON 

It has been previously pointed out (page 12) that 
the reproductive period in female mosquitofish varies 
from 8 to 15 weeks, depending primarily on the age 
at first maturity. Females that mature during the 
first summer of life usually reproduce over a period 
of only 8 or 10 weeks, whereas fish that do not reach 
maturity until their second summer enjoy a repro- 
ductive period of 14-15 weeks. Also, it has been 
shown (page 14) that the average gestation period 
is about 23-24 days. A fish that reproduces for 8 to 
10 weeks liberates 2 or possibly 3 broods, whereas 
one that continues to reproduce for 14 to 15 weeks 
gives birth to 4 and possibly 5 broods. 

The presence of gravid parent females in the first 
4 collections from the Argonne Woods Pond (Table 
6) and the Sanitary District Lake (Table 7) indicates 
that, in each of those populations, the fish which 
became gravid for the first time during their second 
summer of life probably bore 4 broods during the 
season. However, the graphic representations of the 
length frequencies in Figures 2 and 3 indicate that, 
in the Argonne Woods Pond, the parent stock lib- 
erated at least 4 and possibly 5 broods during the 
season whereas those in the less productive Sanitary 
District Lake usually gave birth to 3 broods and 
never had more than 4. It is evident that the fish 
in the more productive pond produced a greater num- 
ber of broods than did those from the Sanitary Dis- 
trict Lake. In Parr’s Pond (Fig. 4) it appears that 
the parent stock gave birth to at least 4 broods of 
young. 

Among the offspring in the 3 ponds, the data from 
the same tables and figures show that only the first 
brood of young in the Argonne Woods Pond and the 
Sanitary District Lake reached maturity during the 
first summer and that in each case they liberated no 
more than 2 broods during the season. In Parr’s 
Pond, on the other hand, the first 2 broods of off- 
spring reached maturity during their first summer of 
life and some individuals continued to reproduce 
until October. Although the data are not conclusive, 


it seems probable that the first brood, in that newly 
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established population, liberated at least 3 broods of 
young and that the second brood liberated 2 and 
possibly 3 broods. 

From the foregoing discussion it appears that, in 
Illinois, parent mosquitofish liberate an average of 4 
broods of young per season and that the offspring, 
which mature during their first summer of life, give 
birth to 2 and possibly 3 broods. 


RELATIONSHIP BETWEEN THE LENGTH OF THE GRAVID 
FEMALE AND THE NUMBER OF YOUNG 
PER Broop 

In general, as was to be expected, the average num- 
ber of young carried by females of a given size in 
a single collection was found to inerease with the 
length of the mother fish, in both offspring and parent 
stocks, in all populations of mosquitofish, throughout 
the reproductive period. Of the 17 collections taken 
during the present study (Tables 10-13) the data 
from 15 of the samples showed increases in the aver- 
age brood size with the increased length of the mother 
fish. In each of the other 2 samples the similar 
lengths of the few gravid females precluded compar- 
ison with fish of other sizes. There was some vari- 
ability in the relationship between the size of the 
individual mother fish and the number of young when 
mother fish of similar lengths in the same population 


TABLE 10. Average numbers of eyed embryos taken 
tions from five ponds in the Forest Preserve District of 
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were compared, and also there were some discrep- 
ancies in the regular increase of the average brood 
size of females of increasing lengths. Most of those 
irregularities, however, were traceable to the small 
numbers of gravid females of certain sizes in the 
collections. 

At first glance the determining factor in the rela- 
tionship between the length of the mother fish and the 
number of young per brood appears to be the phys- 
ical limitation of size in the gravid female; a small 
fish does not provide as much space for carrying 
embryos as does a larger one. If space alone were 
the determining factor, the number of young would 
inerease approximately in direct proportion to the 
cube of the length of the mother fish. If that rela- 
tion held the result would be a regularly increasing 
number of young per brood as the parent female 
continued to grow and reproduce. The number of 
embryos per brood, however, does not increase reg- 
ularly in that proportion. Furthermore, the rate of 
inerease in the size of the brood per unit length of 
the gravid female is not constant for all sizes of 
mosquitofish. Obviously the space provided by the 
mother is not the sole factor that determines the num- 
ber of young in a brood. 

The data given in Tables 10-13 were rectified by 


from female mosquitofish of different lengths in collec- 
Cook County, Illinois, August 1938. 
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TABLE 11. Average numbers of eyed embryos taken from female mosquitofish of different lengths in each of 
four collections from the Argonne Woods Pond, Cook County, Illinois, 1939. 
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LOG OF LENGTH OF MOTHER FISH 

Fic. 7. The rate of increase in the number of young per brood as correlated with the increase in the length of 
the mother fish in collections from five ponds in the Forest Preserve District of Cook County, Illinois, August 1938. 
These curves represent the data in Table 10 which have been rectified by plotting the logarithm of the size of the 
brood against the logarithm of the length of the mother fish. Collections are indicated as follows: Pond 1,...... ; 

Pond 2, —— ; Pond 3, - - - - - ; Pond 4, - ; Pond 5, -|-]-|-|-]-|-|-|-|. 
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TABLE 12. 
collections from the Sanitary District Lake, Cook County, Illinois, 1939. 
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Fic. 8. The rate of increase in the size of the brood as correlated with the increase in the length of 


the mother 


fish in successive collections from the Argonne Woods Pond, Cook County, Illinois, during 1939, as given in Table 
wn through 
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TABLE 13. Average numbers of eyed embryos taken from female mosquitofish of different lengths in each of 
four collections from Parr’s Pond, Macon County, Illinois, 1940. 
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* From original planting, not included in computation of totals or means. 


plotting the logarithm of the average number of em- the larger fish the fecundity increases at a drastically 
bryos per brood against the logarithm of the length reduced rate. Even then some of the gravid parent 
of the mother fish (Figs. 7-10). Here the slope of the females taken during this investigation were so 
curve is equivalent to the exponent to which the swollen with young that locomotion was seriously im- 


length of the mother fish is raised in the equation: paired. In those fish the number of: young varied 
Number of embryos = length" of mother fish. only as the 1.4 power of the length of the mother. 
The rectified curves indicate that the greatest rate For the ponds from which periodic collections were 


of inerease in the size of the brood as compared with ™ade during the reproductive season, the rectified 
the length of the mother oceurred in the first brood ata indicate that the rate of increase in the relation- 
produced by the. gravid offspring taken in the July Ship between the size of the brood and the length of 
13 collection from the Argonne Woods Pond (Fig. 8). the mother fish was not the same for the various 
That curve shows that the size of the brood varied roods liberated during the season (regardless of the 
as the 7.4 power of the length of the mother fish. category of the mother fish). Nor was the rate of 
Such a rate of increase in a biological relationship increase constant within any particular brood pro- 
is most spectacular and were it to continue, there uced by females of different lengths within the same 
would result an increase of more than one hundred Category. In most curves the slope was greatest for 
fold in the number of young with a doubling of the the second brood born to the mother. Among the 
length of the mother. That, of course, would be a parent fish from the Argonne Woods Pond (Fig. 8) 
physical impossibility. Since the size of the embryos the power of increase was approximately 1.3 for the 
at birth is similar regardless of the size of the mother, — first brood of young, increased slightly to 1.4 for the 
the larger fish would have to carry more young than ‘Second brood, and then fell off to 0.8 for the third 
the increase in length would allow and the bellies of | brood. In the Sanitary District Lake (Fig. 9) the 
such fish would become so distended that they would — slope of the curve for the first brood of young carried 
rupture. Somewhere along the line such a relation- by the parent fish was 3.7, then rose to 5.5 for the 
ship would have to break down as indeed it does. In second brood, and dropped to 4.2 in the third brood. 
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fn Parr’s Pond (Fig. 10), from which there were no 
adequate data on the fecundity of the parent fish, at 
least 2 broods of offspring reproduced during their 
first summer of life. The first brood of young pro- 
duced by the first mature offspring had been liberated 
prior to July 31 (see page 15) and it is impossible 
to say what the relationship between the size of the 
brood and the length of the mother fish might have 
been. However, the size of the second brood varied 
as the 2.3 power of the length of the mother fish and 
that of the third brood varied the 1.7 power. 
Among the individuals of the second brood of mature 
offspring the size of the first brood increased as the 
4.1 power of the mother’s length and that of the 
second brood increased as the 4.8 power. The curves 
for the fourth brood earried by the first mature off- 
spring and the third released by the second brood 
of mature offspring in Parr’s Pond indicate that 
for those lots the relationship has broken down 
completely. 


as 


From these data it may be inferred that, with the 
exception of the gravid offspring in the Argonne 
Woods Pond, the rate of increase in the size of the 
brood was generally greatest in the second brood of 
young liberated by all mother fish regardless of their 
size or age. Further, the actual numbers of embryos 
in the second brood carried by mother fish, both par- 
ent and offspring, of the various lengths in all ponds 
were greater than those in any preceding or subse- 
quent broods. 

Within a single brood produced by the mother fish 
of either category the slopes of individual curves 
In 


the rapidly growing populations of Parr’s Pond and 


changed with the increased length of the female. 
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the Argonne Woods Pond, with the single exception 
of the gravid offspring in the latter pond, the rate 
of increase gradually diminished as the length of the 
mother fish became greater. Such a decrease in the 
rate of increase held in both offspring and parent 
stocks, except as noted, throughout the summer in 
both ponds. Among the parent fish from the Argonne 
Woods Pond the slope of the curve for mother fish 
33-37 mm. in length on May 19 was 4.5; for fish 
35-39 mm. long it was 2.2; and for the fish ahove 
357 mm. in length it was 1.0. Similarly diminishing 
slopes in the curves held for subsequent broods ear- 
ried by the parent stock. Among the offspring in 
2arr’s Pond the slopes of the curve for the first brood 
of young carried by the second brood of mature off- 
spring gradually decreased from 5.3 for fish 24-28 mm. 
long, to 4.5 for 26-30 mm. fish, to 4.2 for those indi- 
viduals longer than 30 mm. Again, similar curves 
held for data on the young carried by other offspring 
in that pond. 

In the slow-growing fish from the Sanitary Dis- 
trict Lake (Fig. 9) the reverse was true; that is, the 
rate of inerease gradually increased with the length 
of the gravid female. In the first brood of young 
earried by the parent fish in that population the 
slope of the curve for the individuals 32-37 mm. long 
was 0.6. From that figure there was an increase to 
3.4 for fish 35-39 mm. long, and to 5.1 for those fish 
of a greater length than 37 mm. Similar curves were 
obtained from the data for the 2 subsequent broods. 

The reason for such diversity in the relationship 
between the size of the brood and the length of the 
mother fish is not readily discernible. Presumably 


some metabolie factor is involved. Physiological dif- 
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ferences, dependent to a certain extent on environ- 
mental conditions, may account for the increased or 
decreased rates of increase. That the space provided 
by the mother fish is not the sole determining factor 
for the number of young per brood is evident for 
several reasons: (1) the size of subsequent broods 
decreases with increasing size and age of the mother, 
(2) the approaching end of the reproductive period 
apparently has some marked effect on the fecundity, 
and (3) there is considerable ditferenee in the feeun- 
dity of fishes of the same size from different localities. 


DECREASE IN THE SIZE OF Broops WITH 
INCREASING AGE 

With the single possible exception of the first brood 
born to the parent stock, females of the same eate- 
gory in a single population have fewer young per 
brood as the progresses. This decrease in 
fecundity with increasing age holds for both parent 
fish and offspring (Tables 11-13; Figs. 7-10). The 
average number of young per brood for parent fe- 
males of various lengths from the Argonne Woods 
Pond and the Sanitary District Lake show that even 
though the actual length of the females inereased 
there was a marked decrease in the size of the broods 
in successive collections. 


season 


Similarly, among the ma- 
ture offspring in Parr’s Pond the broods earried by 


females taken in the seeond eolleetion were smaller 
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on June 9 and July 13 and on July 13 and August 
14 for the Argonne Woods Pond and the Sanitary 
District Lake clearly show those differences : 

Mean sizes of broods—Argonne Woods Pond 


Females 46-55 mm Females 38-44 mm. 


Date June 9 July 15 July 13 Aug. 14 
Number of 

females 65 194 179 3 
Average size 49.3 52.2 52.5 52.3 
Average number 

of embryos 210.4 152.9 153.3 2.7 
Decrease ..., $7.5 110.6 


Mean sizes of broods—Sanitary District Lake 


Females 35-44 mm. Females 50-55 mm 

Date June 9 July 15 July 13 Aug. 14 
Number of 

females 67 236 228 449 
Average size 38.5 40.5 40.4 40.6 
Average number 

of embryos - 80:4 28.4 28.8 8.8 
Decrease 2.3 20.0 
The young-of-the-year fish in Parr’s Pond show 


agreement with the parent fish in the 2 ponds near 
Chicago in that the size of the broods decreased as 
the summer progressed : 

Mean sizes of broods—Parr’s Pond 
5-46 mm 


Females 27-45 mm. Females 3 

























































































































than those taken in the first sample even though the Date July 31 Aug. 14 Aug.14 Sept. 19 
average size of the gravid offspring increased nearly Average number 
3 mm. There was a further decrease in brood size females - 330 324 167 28 
; > = : tan Average size 32.2 34.9 38.2 40.5 
as the summer progressed in all cases. 
r ‘ ss . Average number 
The comparisons given below of the mean numbers of embeyes . 17.4 34.3 49.9 17.0 
of young carried by parent females of similar lengths Decrease 13.1 32.9 
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Fig. 10. The rate of increase in the size of the brood as correlated with the increase in the length of the 


mother fish in suecessive collections from Parr’s Pond, Macon County, Illinois, during 1940, as given in Table 13. 
The slope values represent the exponents of the rate of increase as indicated by a straight line drawn through the 
main part of each curve. 
circles the second brood. 


Here the solid dots represent the first brood of offspring that became gravid, the open 
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Among the offspring from the Argonne Woods Pond 
the only comparable size in gravid fish was 41 mm. 
The 3 fish taken July 13 averaged 107 young per 
brood whereas the 4 individuals collected August 14 
carried an average brood of only:16 embryos, a de- 
erease of 91. 

Further evidence of the decrease in productivity 
with increasing age is manifest by the decrease in 
the average number of young produced by fish of the 
same eategory in successive collections, despite the 
inerease in the average size of the parent. In the 
Argonne Woods Pond (Table 11), the average size 
of the broods on June 9 was 205.4 for the parent 
females, which averaged 48.8 mm. in length. That 
average dropped to 155.7 young on July 13, when 
the parents averaged 52.6 mm., and the few parent 
fish remaining on August 14, averaging 52.3 mm., 
carried an average of only 42.7 embryos. Among the 
offspring from the Argonne Woods Pond the average 
number of young was 34.3 on July 13 and decreased 
to 15.6 on August 14, despite the fact that the aver- 
age size of the mothers had increased from 35.3 to 
42.2 mm. A similar perusal of the data from the 
Sanitary District Lake (Table 12) reveals that the 
average number of young carried by parent fish on 
June 9 was 30.4 and that it fell to 28.4 on July 13 
and dropped still further to 8.8 on August 14, whereas 
the average size of the mothers on those dates was 
38.8, 40.2, and 40.5 mm. In Parr’s Pond (Table 13), 
where only gravid offspring were collected in numbers 
sufficient to warrant comparison, the average brood 
contained 44.5 embryos on July 31, 37.5 embryos on 
August 13 and only 17.1 embryos on September 19, 
although the respective lengths of the female were 
31.6, 35.4, and 40.5 mm. Here it is obvious that, even 
though the mother fish actually inereased considerably 
in length, the average size of the broods became mark- 
edly smaller as the fish grew older. 

Many factors might have caused the observed de- 
creases in the size of suecessive broods. Among the 
possible causes are: deterioration of natural condi- 
tions (water temperatures, chemical composition of 
the water, water level, availability of food, ete.) ; 
changes in population pressure; or some physiological 
change in the fish itself. An unfavorable change in 
the habitat seems unlikely, inasmuch as it would prob- 
ably affect all fish alike, not only a selected group 
such as the gravid females. The effects of specific 
physical and chemical conditions on fecundity are not 
obvious. It may be that the size of successive broods 
decreased because of the liberation of large numbers 
of young early in the season with a consequent de- 
velopment of population pressure. This, however, 
seems unlikely as any compensation in the population 
due to inereased numbers of individuals would prob- 
ably take place after the young had been liberated 
and not in the reproductive mechanism. Physiolog- 
ical changes in the mothers appear much more likely 
to be the causative factors. 

In the experiments referred to under the discussion 
of the length of the gestation period (see page 13) 
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the numbers of voung in each of the broods born to 
each segregated female were counted. The data 
(Table 14) again show that the broods become smaller 
as the female becomes older. The second broods of 
3 of the 4 females were slightly larger than the first 
whereas in the other individual the second brood was 
smaller than the first. The third brood was consist- 
ently smaller than the second. The last brood in the 
2 fish that bore 4 broods was the smallest. The de- 
crease in the size of these broods was certainly not 
the result either of a deteriorated habitat or of popu- 
lation pressure. The aquaria were kept clean and 
the young were removed soon after birth. Appar- 
ently the decrease in the size of the broods with 
increasing age of the mother fish is a physiological 
phenomenon closely associated wtih the production of 
young. 


TABLE 14. Sizes of successive broods born to female 
mosquitofish under laboratory conditions, 1940. 





NUMBER OF YOUNG 


Fish | -| —_ __ — 
Number First Second Third Fourth 
brood brood brood brood 
te, 24 28 ar ieee 
ee 34 3 2¢=«+|C(<i«‘ztSC|TtC 
., SEP Aree : 42 47 18 | 
| rer 21 16 3 
Average. . 30.8 30.8 10.0 7.0 


SENILITY 

It is a well known fact that poeciliids, unlike many 
other fishes, have a definite period of sterile senility 
following reproduction. Evidence presented in the 
foregoing paragraphs shows that the period of repro- 
duction in female mosquitofish, under natural condi- 
tions in Illinois, embraces only a single series of 
broods. Further, it has been pointed out that there 
is a marked decline in the reproductive efficiency of 
the female with increasing age; that is, the size of 
the broods becomes smaller as the reproductive period 
progresses. 

The number of broods in the series cast’ by any 
individual depends on the age of that individual at 
first maturity and on the time of year at which repro- 
duction began. A female becoming gravid during her 
first summer of life (age, 1 month) would bear, on 
the average, 2 broods of young, whereas an individual 
that did not begin to reproduce until the second sum- 
mer of life (age, 8-10 months) would liberate ap- 
proximately 4 broods. Further, the numbers of young 
per brood liberated by the females that reached ma- 
turity when only a month or so old were considerably 
smaller than those released by individuals that did 
not become gravid until the second summer of life. 

The females that reached maturity during their 
second summer were obviously better suited physiolog- 
ically to bear young than were those which reached 
maturity at an early age. The offspring in the 
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Argonne Woods Pond on July 13 were carrying 
fewer eyed embryos per brood on the average than 
were parent fish of the same lengths on May 19. 

Senility among mosquitofish is not a function of 
age alone. Females that began to bear young when 
only a month or so old, apparently were physiolog- 
ically more senile at an age of 4 months than were 
those which did not begin to reproduce until they 
were in their second summer of life. The older fish 
enjoyed a considerably longer and more fruitful 
period of reproduction than did those which reached 
maturity at an early age. 

Further evidence of senility in female mosquitofish 
was found in the collections made in 1938. Among 
the fish taken in Pond 2 (Table 2), all individuals 
33 mm. or more in length, with the single exception 
of the largest female (53 mm. long), were gravid. 
That non-gravid female was one of the parent stock 
(1 annulus on the seales) that apparently had com- 
pleted her reproductive period. A micrescopie ex- 
amination of the ovary revealed no ova and the over- 
all aspect of the organ suggested that the fish was 
in a senile condition. Another female in similar con- 
dition was taken from the Argonne Woods Pond, 
August 14, 1939. It was a parent female 50 mm. 
long, and was not gravid, whereas all other females 
of comparable size or larger were carrying young 


(Table 9). 


VARIATION IN THE SIZE OF Broops ACCORDING 
To LOCALITY 


The first indication of the relationship between the 
number of young per brood and the locality in which 
the mother fish lived was evident in the collections 
taken from 5 ponds near Chicago during August 
1938 (Table 10, Fig. 7). Size for size the females 
in Pond 1 earried larger broods than did those from 
any of the other ponds. However, the largest brood, 
174 eved embryos, was taken from a female 54 mm. 
long from Pond 5. That fish and another female 57 
mm. long from the same pond were known to be 
members of the parent stock (see page 7). It is 
likely that all other gravid females in the collection 
were young of the year. The reason for so great a 
diversity in the feeundity of the females in Ponds 1-5 
is not obvious. The ponds were in the same general 
region and from:all outward appearances were sim- 
ilar. It is unlikely that there could be any genetic 
cause inasmuch as the fish in all of the ponds came 
from the same stock and the plantings were made 
about the same time. Perhaps the most acceptable 
explanation is in the probability that the individual 
fertility of the ponds may have differed considerably. 

More conelusive evidence that the locality or en- 
vironment influences the fecundity of the female 
mosquitofish is shown by the data collected from the 
Argonne Woods Pond, the Sanitary District Lake, 
and Parr’s Pond (Tables 11-13; Figs. 8-10). On 
June 9, the parent female from the Argonne Woods 
Pond carried an average of 205.4 embryos per brood 


whereas, on the same day, fish of the same age- 


REPRODUCTION IN THE WESTERN MOoSQUITOFISH 23 


category from the Sanitary District Lake contained 
broods of only 30.4 eyed embryos. No collections 
were made from Parr’s Pond until July 31. Although 
parent fish of the same length were seldom collected 
from the Argonne Woods Pond and the Sanitary 
District Lake on the same day, it is obvious that the 
fish in the former pond were much more prolific than 
those from the latter. Gravid parent fish 43 and 44 
mm. long were taken from both ponds on June 9 
and the mean size of the broods from the Argonne 
Woods Pond was 158 young as compared with 55.5 
young from the Sanitary District Lake. The only 
parent female taken from Parr’s Pond was 52 mm. 
long on July 31 and contained 154 eyed embryos. 
Fish of similar size were taken from the Argonne 
Woods Pond on July 13 and August 14 and carried 
broods of 155 and 30 young respectively on those 2 
dates. Although such data are meager, it is evident 
that the parent fish in Parr’s Pond were as prolific, 
if not more so, than those from the Argonne Woods 
Pond. 

So far as the mature offspring in the 3 ponds are 
concerned, the fecundity of the fish in Parr’s Pond 
was greater than that of either the Argonne Woods 
Pond or the Sanitary District Lake. The offspring 
in Parr’s Pond not only liberated more broods of 
young (page 21), but the broods were larger than 
those from either of the 2 ponds near Chicago. 
Among the gravid offspring in Parr’s Pond on July 
31, the size of the broods ranged from 9 to 149 with 
an over-all average of 44.5 embryos, whereas in the 
Argonne Woods Pond on July 13 the number of em- 
bryos per brood among the offspring ranged from 
8 to 107 with an average of 34.3 and in the Sanitary 
District Lake the offspring were not yet bearing 
young. On August 13 in Parr’s Pond, the average 
number of young earried by offspring was 37.5 while 
on August 14 in the Argonne Woods Pond, the 
gravid offspring earried an average of 34.3 young 
and those in the Sanitary District Lake contained an 
average of only 5.3 young per brood. Furthermore, 
the offspring in Parr’s Pond were still bearing young 
in October whereas no gravid fish were taken in the 
collections subsequent to August 14 in either of the 
2 ponds near Chicago. 

Comparison of brood sizes of offspring of similar 
lengths from these 3 ponds, where possible, clearly 
shows that the population of Parr’s Pond was more 
pvolifie than either of the other two: 


Mean sizes of broods from fish of similar size range: 


Size range Parr’s Pond Argonne Woods Pond 


July 31 July 13 
31-41 mm, 58.6 34.3 
Parr’s Pond Argonne Woods Pond 
August 13 August 14 
41-44 mm. 68.3 15.6 
Parr’s Pond Sanitary District Lake 
August 13 August 14 
28-31 mm. 13.1 5.3 


The differences in fecundity among the fishes of 
the 3 ponds mentioned above are to be attributed to 
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the marked differences in the fertility of those bodies 
of water. Parr’s Pond supported an abundant crop 
of plankton, probably because of the continuous 
deposition of excreta by livestock pastured in the 
area. At the time the Argonne Woods Pond and 
the Sanitary District Lake were selected as sites for 
collections during 1939, it was felt that the former 
pond, because of the heavy growth of various aquatic 
plants, was considerably more productive. 

Among the early investigators it was believed that 
the broods were rather small. Ryder (1882) sug- 
gested that the maximum size of a brood in Gambusia 
probably did not exceed 25 or 30 embryos and else- 
where (1883) stated that the number may be as few 
as 15 or 20. Smith (1912) recorded broods ranging 
from 85 to 134 fully developed embryos from females 
45 to 50 mm. long taken in June 1912 from the 
Lower Potomae River and other broods of 18 to 30 
embryos from fish of the same size from the same 
river in August 1890. His observations led him to 
suggest the production of more than 1 brood per 
season and that the second brood was smaller than 
the first because the presence of the developing em- 
bryos of the first brood inhibited the development 
of an equally large number in the later brood. Kuntz 
(1913) noted that the larger females usually gave 
rise to larger broods of voung than did the smaller 
ones. He reported an average of 33 embryos per 
brood from a limited number of fish 50 to 60 mm. 
long from Beaufort, N. C., during the summer of 
1912. The largest brood was 76 embryos. The size 
of the brood of the smaller fish ranged from 2 or 3 
to about 20 individuals. The relatively small size of 
the broods was attributed to the fact that the fish 
were collected during the late summer and had prob- 
ably passed the peak of their reproductive period. 
Seale (1917), working with aquarium-reared fish, 
recorded a maximum brood of 48 embryos. 

Tn his early work on the mosyuitofish, Hildebrand 
(1917) reported a brood of 63 embryos from a single 
female. Later (1921) he stated that the number of 
young produced at one time varies greatly, ranging 
from a few to a couple of hundred and listed broods 
of 120, 163, and 211 voung. However, he said that 
the average number of voung probably does not ex- 
ceed 40, and that the number varied with the size of 
the female. In aquarium experiments he showed that 
a single female liberated as many as 345 voung, con- 
sisting of 2 generations, during a single season. 

In a rather comprehensive study of the fecundity 
of Gambusia a. affinis, Barney & Anson (1921b) re- 
ported broods ranging up to 226 embryos in a series 
of 800 females collected during 4 summers near 
Mound, Louisiana. The largest brood, 226 young, 
was carried by a female 43 mm. long, standard length 
(ca. 51 mm. total length). The smallest brood was 
probably from one of 5 fish 23-24 mm. long, standard 
length (ca. 31 mm. total length), that had an average 
of 8.6 embryos per brood although the actual size of 
the smallest brood was not given. The smallest gravid 
female observed was 17 mm. long, standard length 
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(ca. 22 mm. total length) and contained 9 embryos 
in August. Those workers combined the data eol- 
lected from the various waters during the 4 summers 
into bi-monthly periods in an attempt to show the 
relationship between the fecundity and the length of 
the female. They noted 


‘*. . . that fecundity in this species increases markedly 


as the length of the female increases. From the average 
count of embryos based on April and May observations, 
the fecundity of females of 2.3 to 2.4 em. length is 
doubled when the fish is about 3.2 em. long; the fecun- 
dity is about quadrupled when the length 3.5 to 3.6 em. 
is reached. With each 2 millimeters’ growth thereafter 
the fecundity is greatly increased.’’ 


The measurements given by Barney & Anson were 
standard lengths. They noted further 


s that in April and May the average number of 


embryos found in sixteen pregnant females was 108.1; 
for June and July, 60.3; for August and September, 
40.5; and for October, November, December, January 
and February, 0; in faet, in these five months there 
were no embryos found in females of any size... .’’ 


It is unfortunate that those workers failed to show 
the variation in size in successive broods from dif- 
ferent populations and the possible differences in 
fecundity between the parent stock and the mature 
offspring. 

De Buen & de Buen (1922), using fish that had been 
introduced in’. Spain for mosquito control, mentioned 
having found 38 advaneed embryos in a female 46 
mm. long. Artom (1924), who made his observations 
on fish transferred from Spain to Italy, counted 
broods of 15 and 34 embryos but did not indieate 
the sizes of the mother fish. Dulzetto (1928, 1934, 
1935) in observing 78 parturitions among 29 mos- 
quitofish living under conditions simulating those in 


nature, recorded broods that ranged from 4 to 97 
embryos. The individual sizes of the mother fish 


were not given. Of the 29 individuals under observa- 
tion by Dulzetto, 2 gave birth to only 1 brood, 9 bore 
only 2 broods, 14 bore 3 broods, and only 4 gave birth 
to 4 broods. The size of the first brood was usually 
smaller than the others and, in general, the second 
brood was the largest. 

Sokolov (1936), working with Gambusia placed in 
rice fields in Central Asia as a mosquito-control meas- 
ure, found that the fecundity depends on the size and 
age of the fish. He stated that mosquitofish are most 
prolifie when they are 45-50 mm. in length which 
corresponds to an age of 2 or 3 years. Broods that 
ranged from 9 to 151 embryos were recorded but no 
mention was made of the individual lengths of the 
mother fish. Maksudov (1944) reported that there 
is a constant ratio between the weight of the mother 
fish and the weight of the offspring. He associated 
the increase in fecundity with the intensity of metab- 
olism based on oxygen consumption. Prior to ferti- 


lization there is a greater oxygen demand because of 
the inereased need for energy in the formation of 
volk materia, ete., in the maturing ova. 


After fer- 
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tilization there is a sharp decrease in the demand for fish were taken in 6 collections from each of the 
oxygen because the embryos use the food material | Argonne Woods Pond and the Sanitary District Lake 
stored in the mature egg. curing 1939 and a total of 3,351 males were collected 
The largest single brood of mosquitofish recorded in 4 samples from Parr’s Pond in 1940. The mature 
in the literature was one of 354 young (Bonham, males were distinguished from the immature indi 
1946). The fish carrying those embryos was taken  yiduals by a microscopic examination of the anal fin; 
ee ee _ 2 hte 1 Unfortunately, the size those fish in which the formation of the gonopodium 
of the mother fish was not given. was complete were considered as mature and all others 
LENGTH DISTRIBUTION AND GrowTH RATE us immature. 
or MALES Mature males were present in the last 5 collections 
Respective totals of 3,061 and 4,129 male mosquito- from the Argonne Woods Pond, whereas such fish 
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were present in all collections from the Sanitary Dis- 
trict Lake and Parr’s Pond. Immature males were 
present in all collections from the Argonne Woods 
Pond and Parr’s Pond and were lacking only in the 
June 9 collection from the Sanitary District Lake. 
The size ranges and average lengths for all males in 
each collection are given in Table 15 for the Argonne 
Woods Pond, in Table 16 for the Sanitary District 


Lake and in Table 17 for Parr’s Pond. These same 
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data are graphically represented in Figures 11, 12, 
and 13 respectively. 
AGE AND GrRoWTH OF MATURE MALES 

It has been shown by Turner (1941) that males of 
Gambusia, unlike the females which continue to grow 
until they die, stop growing, or grow only very little 
after the gonopodium has been completely formed. 

The largest mature males taken in the collections 
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taken in each of four collections from Parr’s Pond, 
Macon County, Illinois, during 1940. The shaded areas 
indicate the mature males, the unshaded the immature. 


from the Argonne Woods Pond and Parr’s Pond were 
31 mm. long, whereas those from the Sanitary Dis- 
trict Lake were 32 mm. in length. The largest mature 
male ever collected by the writer was 37 mm. long. 
That fish was taken from a small pond in Cook 
County, Illinois. The smallest mature males were 
present in the July 31 and August 13 collections 
from Parr’s Pond (19 mm.). 

Data from the May 19 collections from the Argonne 
Woods Pond and Sanitary District Lake show that 
some of the survivors from the preceding summer 
‘1 annulus on the seales) were still immature. How- 
ever, those fish had all reached maturity by June 9 
and were disappearing from the population by the 
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TABLE 15. Numbers of mature and immature male 
mosquitofish showing minimum, average, and maximum 


total lengths in millimeters in each of six collections from 
the Argonne Woods Pond, Cook County, Illinois, 1939. 





IMMATURE MATURE 
Date of % p= as ey q f a 
Collection Length | Length 
Number Number et at 
Min. | Av. | Max. Min. | Av Max. 
May 19 ‘ 19 25 27.2 29 : 
June 9 646 | 10 | 16.0) 20 27 27 | 28.2 | 30 
July 13 839 14 23.2) 29 86 24 | 26.9! 31 
August 14 1,087 11 22.5 30 12 21 24.2 29 
September 13 133 15 | 20.0| 25 9 22 |24.7| % 
October 19 24 22 23.7 28 188 22 26.1 32 
' 
TABLE 16. Numbers of mature and immature male 


mosquitofish showing minimum, average, and maximum 
total lengths in millimeters in each of six collections from 
the Sanitary District Lake, Cook County, Illinois, 1939. 





IMMATURE MATURE 
Date of iy ca ees 
Collection Length Length 
Number | Pe I Number _ _ ee: ean 
Min. | Av Max Min. | Av Max 
May 19 6 24 24.5 26 84 24 25.9 29 
June 9 ; ‘ ; 288 23 | 27.1] 31 
July 13 174 16 | 22.2] 26 165 | 24 | 28.0} 30 
August 14 194 18 | 23.58] 27 126 24 | 27.5 | 3) 
September 13 46 17 22.1 26 476 21 26.3 30 
October 19 35 17 21.4 23 476 21 26.8 31 


TABLE 17. Numbers of mature and immature male 
mosquitofish showing minimum, average, and maximum 
total lengths in millimeters in each of four collections 
from Parr’s Pond, Macon County, Illinois, 1940. 





IMMATURE MATURE 
Date of ° 7 Rig, a 
Collection Length Length 
Number | __ Number =e 
Min. Av Max Min. Av Max 
Ju'y 31 400 15 23.0 29 158 19 22.0 26 
August 13 1,028 12 22.3 31 151 19 22.4 27 
September 19 180 15 21.2 34 418 19 25.5 31 
October 4 193 14 18.4 23 823 20 24.8 31 


middle of August. None of the original planting of 
males in Parr’s Pond were found in the collections. 
Young-of-the-year males of the first broods which 
matured by July or August also died before the end 
of the summer. Such mortality of young-of-the-year 
males is clearly indicated in the data of the fast- 
growing populations of Parr’s Pond and the Argonne 
Woods Pond but is rather obseure in those of the 
slow-growing population of the Sanitary District 
Lake. Thus it appears that the life span of the male 
mosquitofish is no longer than that of the female. 


SIZE AND GROWTH OF IMMATURE MALES 


If the rate of growth is constant for all individuals 
throughout the summer, and the formation of the 
gonopodium is a funetion of 


age alone, all males 











y 
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would reach maturity at approximately the same 
length. Obviously such is not the case as indieated 


by the extent of the size range in the mature males 
from all collections. Some individuals grow faster 
than others before reaching maturity or else they 
mature later after having grown for a longer period 
of time. Such variations in length of time before 
maturity is reached are probably due to environmental 
factors such as availability of food, temperature, ete., 
or may be due to the physiological makeup of the 
individual fish. 

The length-frequeney distributions for the males in 
the Argonne Woods Pond (Fig. 11) indieate that 
some of the individuals which were immature on June 
9 had become mature by July 13. Those fish which 
reached maturity during the interim had grown ap- 
proximately 10 mm. as reflected by the change in 
their length distribution from 10 to 20 mm. on June 
9 to one of 24 to possibly 31 mm. on July 13. Ob- 
viously not all of the immature individuals of June 
9 became mature by July 13 inasmuch as there were 
large numbers of fish which were apparently members 
of the first brood of offspring that were still imma- 
ture on the latter date. Data from the Sanitary 
District Lake (Fig. 12) indicate similar conditions 
although the rate of growth was not so rapid. Those 
fish which were immature on July 13 evidently did 
not attain maturity until September and the length 
distribution showed an inerease, from 16-26 mm. on 
July 13 to 21-31 mm. on September 13, or about 5 
mm. In Parr’s Pond, where even more rapid growth 
of the population than that in the Argonne Woods 
Pond took place, the length distributions of indi- 
vidual broods were marked by the presence of other 
broods. 

Evidence from the length frequencies of the male 
offspring which mature during their first summer 
indicated that the fast-growing individuals reach ma- 
turity at a younger age than do those which grow 
more slowly. The average size of the mature males 
taken in all collections from Parr’s Pond (24.5 mm.) 
was considerably smaller than that for the Argonne 
Woods Pond (26.4 mm.) which in turn was smaller 
than that for the Sanitary District Lake (26.8 mm.). 

Although immature males 34 mm. long were taken 
on several oceasions, none were colleeted which had 
a greater total length than that of the largest mature 
male (37 mm.). 


Size anp AGE av ¥irst Maturity AND LENGTH 
OF THE REPRODUCTIVE PERIOD IN MALES 

Inasmuch as male mosquitofish stop growing or 
grow only very little after the formation of the 
gonopodium is completed, the size of such fish at first 
maturity is closely approximated by the length at 
the time of capture. The considerable range in size 
of mature males of the same brood is explained by 
the fact that maturity is not reached by all individuals 
simultaneously. Turner (1941) found that some 
males became mature in 145 days (aquarium eondi- 
tions) whereas others in the same group required 180 
days. 
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The first mature male offspring were present in the 
same collection from the Argonne Woods Pond as 
the first gravid female offspring (July 13). All of 
these individuals were members of the first brood of 
voung and consequently of the same age (6 weeks). 
The lengths of the mature male offspring ranged 
from 24 to 31 mm. (Table 15, Fig. 11) as compared 
with a length range of 31-41 mm. for the mature 
female offspring, all of which were carrying eyed 
embryos; a good indication that the individuals of 
both sexes had reached maturity as much as 2 weeks 
prior to the date of collection. The smallest mature 
wales taken from the Argonne Woods Pond were 
21 mm. long (August 14) and were probably mem- 
hers of the second brood of offspring. If that is 
the case, these smallest mature males were about the 
same age as those of the first brood when they reached 
maturity (4 weeks). 

In the Sanitary District Lake mature male offspring 
were not collected until August 14 (Table 16, Fig. 
12), whereas the first mature female offspring had 
been taken a month earlier (July 13). It appears 
that the mature males in the collection of August 14 
might have been fish which survived from the preced- 
ing summer but examination of the seales showed 
that a few individuals were young of the year (no 
annulus). Most of the male offspring of this group, 
however, did not become mature until sometime before 
September 13 inasmuch as they were present as ma- 
ture fish in the collection of that date. Here it is 
apparent that the males required a longer period of 
time to reach maturity than did the females. Per- 
haps this was due to a delayed development either 
because of a slower rate of growth, as exhibited by 
the rest of the population, or the lack of necessity 
to become mature when there was already an abun- 
dance of mature males present. The first mature 
male offspring were at least 8 weeks old by August 
14 although they might have reached maturity at any 
time between that date and the date of the previous 
collection( July 13). However, the bulk of the group 
was immature on August 14 but had reached maturity 
by September 13 and so were somewhere between 8 
weeks old when they became mature. The 
first mature male offspring collected from the Sani- 
tary District Lake were not present in the samples 
until August 14, a month after similar fish had been 
taken from the Argonne Woods Pond. It is not 
meant to infer here that the fish in the Argonne 
Woods Pond reached maturity a month earlier than 
those of the Sanitary District Lake (the latter could 
have become mature at any time during the interval) 
but rather that. the fish in a more slowly growing 
population required a greater length of time to reach 
maturity. 


and 13 


In Parr’s Pond there was an abundance of mature 
male offspring when the first collection was made 
on July 31 (Table 17, Fig. 13). The identity of the 


brood or broods to which these individuals belonged 
ix obseure as both parent fish and offspring were 
berating young at the time (see page 19). 


In the 
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length distribution of the female offspring of the 
same collection, the modes indicate the presence of 
2 broods (Table 8). The presence of very small ma- 
ture males (19 mm. total length) together with a 
corresponding size range for such fish in each of the 
first 2 collections indicates that the males were reach- 
ing maturity at a rather constant size and rate. Also 
it is apparent that those individuals were reaching 
maturity at an early age as reflected by the length 
frequencies in successive collections. In such a rap- 
idly growing population some of the immature males 
taken on July 31 had reached maturity by August 13 
and some of those of the August 13 collection had 
become mature by September 19. However, it is 
clearly shown by those same length frequencies that 
all of the young-of-the-year males did not reach ma- 
turity at the same age. There were immature males 
present on July 31 larger than the largest mature 
males taken on August 13. It may be that (1) these 
larger fish had become mature and disappeared from 
the population during the interim, or (2) they had 
remained immature until later on, as fish of a com- 
parable size were present in the collection of Sep- 
tember 19. The latter hypothesis seems doubtful in 
the light of the findings from the Argonne Woods 
Pond and the Sanitary District Lake where males in 
the more rapidly growing population apparently 
reached maturity at an earlier age and died a short 
time after becoming mature. 

Earlier workers have shown that in Gambusia one 
fertilization is sufficient for a female to develop and 
liberate a series of separate broods. Apparently the 
majority of the male offspring in the Argonne Woods 
Pond (Table 15, Fig. 11) reached maturity by Octo- 
ber 19, but the absence of mature males in the eol- 
lection of May 19 indicates that they did not survive 
to the latter date. Although no mature males were 
present in the May 19 sample, certainly such fish 
1ad been present before that time inasmuch as all 
ot the females in that collection were gravid (Table 
6, Fig. 2). It seems reasonable here to assume that 
some of the male offspring which had reached ma- 
turity the previous fall survived the winter and died 
after fertilizing the females early in the spring. Also 
it is obvious that some individuals remained immature 
over winter’ and attained maturity the following 
spring after the fertilization of the females had taken 
place. These late-maturing fish were not present in 
the samples after July 13. After that date young- 
ot-the-year mature males served the funetion of 
fertilizing the female offspring as they became mature. 

In the Argonne Woods Pond some of the immature 
males of the June 9 collection as indicated by the 
length frequencies (Fig. 11), had matured by July 
13 but the numbers present as mature fish on the 
latter date were considerably fewer than the imma- 
ture fish present a month earlier. The presence of 
Jarge numbers of immature fish on July 13 indicates 
that many of the fish which were immature on June 
9 may not yet have matured by July 13. However, 
the mode in the length distribution of the immature 
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fish (25 mm.) on July 13 as compared with the mode 
on August 14 (23 mm.) indicates that the larger fish 
of July 13 had become mature and disappeared from 
the population within the space of a month. The 
mature males were considerably fewer than the imma- 
ture individuals in all collections from the Argonne 
Woods Pond with the single exception of the sample 
taken in October. As shown previously, the males 
reached maturity at about the same or a little greater 
than the females. Thus, if the mature males 
were as long-lived and had reached maturity at about 
the same age as the gravid females, ‘hey should have 
been present in as great or greater numbers than the 
immature males in the collections taken early in the 
summer. This, however, not the case in the 
Argonne Woods Pond or either of the other 2 ponds. 
It was not until September or October, as the case in 
ach pond may be, that the numbers of mature males 
equaled or exceeded that of the immature males of a 
size greater than that of the smallest mature male, 
whereas among the females, the number of gravid 
individuals were predominant throughout the repro- 
ductive season. 

The evidence here presented indicates that males, 
although they reach maturity at about the same or a 
slightly greater age than the females, do not live so 
long after reaching maturity. This age after ma- 
turity among males varies according to the season at 
which the individual fish become mature. Those fish 
which mature in the fall may or may not live on as 
mature individuals until early the following spring, 
an interval of 7 to 8 months, whereas those of the 
first and possibly the second broods which mature 
during the same summer in which they were born 
probably do not live more than a few weeks after 
maturity has been reached. Furthermore, inasmuch 
as one fertilization is ample for a female to produce 
a complete series of broods, and the females die after 
one such period of reproduction, it seems reasonable 
to assume that males, after having contributed their 
bit to the reproductive process, should also disappear 
from the population as soon as the females have been 
fertilized. 


ave 
age 


was 


There is no eyvele in the reproductive process of 
male mosquitofish. Copulation takes place whenever 
the opportunity presents itself and mosquitofish are 
quite promiscuous in their breeding habits. Turner 
(1937) has pointed out that the production of sperm 
is practically continuous after the attainment of 
sexual maturity. 


SEX RATIO AND DIFFERENTIAL DEATH 
RATE IN GAMBUSIA 

The sex ratios for the mosquitofish, as reported in 
the literature during the first quarter of this century, 
indicated a disproportionate preponderance of fe- 
males over males. Those ratios were perhaps inaccu- 
vate for two reasons: (1) the sole criterion used to 
distinguish sex was the presence or absence of the 
modified anal fin (gonopodium) and, (2) the gear 
used was very selective in that the seines or dipnets 








30 Louis A. KRUMHOLZ 


were usually of such coarse mesh that only the rela- 
tively large specimens (mostly females) were ecap- 
tured. Also it is known, as will be diseussed later, 
that there are considerable variations in the sex ratios 
in collections from the same body of water at dif- 
ferent times of the year. In only a few instances 
has the writer found reference to a great prepon- 
derance of males in a collection. 

Smith (1892) reported 68 females and one male in 
a single collection from the Lower Potomac River in 
Maryland and a ratio of 3 females to one male in 
collections from the Pasquotank River in North Car- 
olina (Smith 1893). Fowler (1910) found males of 
Gambusia equally abundant with females in New 
Jersey waters. Hildebrand (1917) stated that the 
sex ratio in G. a. holbrookii in collections from Geor- 
gia was 8 or 9 females to one male. Barney & Anson 
(192la) reported ratios of 5.8:1 and 4.5:1, females 
to males, in collections from Louisiana in 1918 and 
1919 respectively. Those authors used the term 
“male” to indicate only fish in which the gonopodium 
was well developed; “young” fish were all those under 
1.5 em. standard length (ea. 21 mm. total length) with 
the exception of a few individuals which exhibited a 
modified anal fin; and “females” were all fishes more 
than 1.5 em. standard length without any modification 
of the anal fin. This last group must have included 
many immature males. Hildebrand (1917) and Tur- 
ner (1941) have called attention to the fact that the 
gonopod develops gradually, and at no definite age 
or length of the fish. In my 1939 collections, for 
example, some males were mature at 21 mm. and 
others were still immature at 30 mm. 

Geiser (1924), in rearing 94 newly born mosquito- 
fish (four complete and separate broods) to an age 
when the sex could be distinguished with certainty, 
was first to establish a 1:1 ratio (46 males, 48 fe- 
males) between the sexes in this fish at birth. 

Hildebrand (1927), in a study in which the sex of 
each individual was determined by a microscopic ex- 
amination of the gonads, found the sex ratio to be 
1:1 (1,295 females and i,298 males) in “immature” 
mosquitofish less than 20 mm. long; a ratio of 1.48:1 
(1,233 females and 712 males) in immature fish larger 
than 20 mm.; and a ratio of 4.4:1 (83,554 females 
and 19,596 males) in mature specimens. Those data 
were based on a large number of collections, taken in 
a great variety of waters representing nearly every 
environment in which Gambusia lives, over a period 
of five years (1921-1926). As late as 1927, however, 
Jordan stated that at birth the sex raio in Gambusia 
was 10 females to one male. 

In four ponds from which de Buen (1930) made 
collections in 1928 and 1929, he found ratios of 253, 
136, 153, and 388 females to 100 males. In all eol- 
lections he used the presence of the gonopod as the 
criterion for distinguishing the sexes, and divided the 
fish into size groups similar to those of Barney & 
Anson (192la). However, de Buen made no attempt 


to sex fish that were less than 20 mm. in length. 
Dulzetto (1934, 1935), in studying the sex ratio in 


Ecological Monographs 

Vol. 18, No. 1 
31 individual broods of Gambusia in 1934, found 
variations in the ratios among the broods from 37.5 
to 400.0 females per 100 males but the sex ratio in 
all broods combined was very close to 1:1 (672 males, 
661 females). During 1935, in a repetition of the 
1934 study, Dulzetto found variations from 16.6 to 
240.0 females per 100 males in 24 broods and again 
there was an over-all average of 1:1 (435 males, 443 
females). The broods utilized in this study by Dul- 
zetto were consecutive broods from 11 females in 
1934 and 10 females in 1935. 

Barnickol (1941) and Rice (1941) observed iden- 
tical ratios of 7 females to one male in 1939 and 
1940 respectively in mosquitofish taken from Reelfoot 
Lake, Tennessee. 

There were considerable differences in the sex ratios 
in the 5 preliminary collections made by the writer 
near Chicago in August 1938. In those collections, 
females outnumbered the males in 3 samples whereas 
males were present in larger numbers in the other 
two. The length frequencies and numbers of indi- 
viduals of each sex for each of the 5 collections, indi- 
eating a range of 26 to 652 females per 100 males, 
have been given in Table 2. In the combined samples 
the ratio was 190 females to 100 males (743 females, 
391 males). The wide variation in these sex ratios 
might have been due to the small numbers of speci- 
mens in the collections. Segregation of the sexes 
which caused the individuals of one sex to be cap- 
tured more easily than those of the other, also may 
have played a role in these and other collections dis- 
cussed later. 

In an effort to obtain further information regard- 
ing sex ratio in Gambusia, the entire collections of 
1939 and 1940 were sexed. Furthermore, in 1940, 
newborn individuals of complete broods were sep- 
arated from each other and allowed to reach maturity 
in isolation. 

During the entire study a total of 19,150 female 
and 10,943 male mosquitofish were sexed. This shows 
an over-all sex ratio of 175 females to 100 males in 
a total of 21 collections taken during 3 summers 
(1938-1940). The numbers of topminnows of both 
sexes and the sex ratio (in parentheses) of the fish 
in each collection taken from the three ponds in IIli- 
nois during the summer of 1939 and 1940 are given in 
Table 18. From those data it is evident that the sex 
ratios differ considerably among individual collections 
from the same pond at different times during a single 
summer. The greatest difference in sex ratio was 
exhibited in the collections from the Sanitary District 
Lake during 1939. In those collections the ratios 
ranged from 2 to 537 females per 100 males, an 
extreme variation of 535. In the samples from the 
other two ponds the differences in sex ratio were not 
nearly so great—170 to 296 females per 100 males in 
Parr’s Pond during the late summer of 1940. There 
appears to be an irregular increase in the frequeney 
of females during middle and late summer. Such a 
shift might be explained by a differential death rate 
in the two sexes. 
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TABLE 18. Total numbers of male and female mosquitofish collected from ponds in Illinois, 1939-1940. The 


figures in parentheses indicate the sex ratio. 





Sanitary District Lake 
Cook County, ILLINOIS 


Collection date ad’ ole) Collection date 
May 19, 1939... ae 8&9 2 | May 19, 1939 
(100 :2 
June 9, 1939. : 284 7 June 9, 1939. 
(100 :25) 
July 13, 1939. a 328 1,538 | July 13, 1939....... 


(100 :469) 
August 14, 1939....... 322 1,728 | August 14, 1939.. 
(100 :537 ) 


September 13, 1939... .1,541 2,244 | September 13, 1939. 
(100:146) 
October 19, 1939... ...1,439 2,973 | October 19, 1939...... 
(100 :207 ) 
Total... ..... ee pO Feb .xaty-24 Sol pansatasiees 
(100:214) 


The sex ratios of the combined collections from 
each of the 3 ponds indicate that the relative abun- 
dance of the females is greater in standing popula- 
tions than in newly populated ponds. The combined 
collections from each of the 2 ponds which supported 
well-established populations were roughly 200 females 
to 100 males, whereas in Parr’s Pond the sex ratio in 
the combined collections was very nearly 1:1. 

Laboratory experiments performed by the writer 
at the University of Illinois showed that the sex ratio 
of Gambusia at birth approximates 1:1. Newly born 
young of 4 entire broods (broods 1, 2, 3, and 4 in 
Table 19) were separated from each other and kept 
isolated, after the method of Geiser (1924), until 
maturity was reached. Also each of 2 entire broods 
(broods 5 and 6 in Table 19) of new-born young 
were placed in aquaria and allowed to grow to ma- 
turity in the presence of the other individuals. When 
the fish were thought to have reached maturity, the 
anal fin of each individual was inspected under the 
microscope for determination of sex. The date of 
birth, the date on which the fish were sexed under 
the microscope, the number of males and females and 
the sex ratio of each of the 6 different broods are 
shown in Table 19. Those data indicate a 1:1 sex 
ratio for G. a. affinis at birth. 

If the sex ratio is 1:1 at birth, the preponderance 
of females later in life must be attributed to the 
differential death rate of the sexes. The literature on 
this subject is not extensive. Barney & Anson (1921a) 
found, in shipping several cans of Gambusia on a 
railroad journey of about 24 hours during August, 
that a large number of females but none of the males 
died. From this observation they stated that it was 
evident that male mosquitofish are somewhat more 
resistant to higher temperatures than are the females. 

Geiser (1921, 1924), however, showed conclusively 
that the death rate for males of Gambusia in transit 
was greater than that of the females regardless of 
whether the temperature was high or low. In ship- 


ARGONNE Woops Ponpb 
Cook County, ILLINOIS 


...3,079 6,226 


Parr’s Ponp 
Macon County, ILLINOIS 
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ments made during cold weather (November) the 
death rate of males was about one and a half times 
that of the females, whereas in shipments made dur- 
ing warm weather (March) the males died at approxi- 
mately two and a half times the death rate for the 
females. This greater death rate occurred in the 
males even though many of the females were heavy 
with young in March. Furthermore, Geiser (1924) 
indicated that female mosquitofish are more resistant 
to the rigors of winter than are the males. Of 100 
fish, fairly equally divided as to sex, that were left 
outdors over winter, there were 32 survivors the fol- 
lowing spring, of which only one was a male. 
Hildebrand (1927) stated that, in a total of 41,073 
adult fish, consisting of 7,357 males and 33,736 fe- 
males, used in a series of experiments, there was a 
mortality of 29.75 per cent among the males and only 
22.33 per cent among the females. These experiments 
inelude the study of the effects of high temperatures, 


TABLE 19. Number of male and female mosquitofish 
indicating sex ratio in broods raised from birth (1940). 
The fish from broods 1-4 were segregated and the fish 
from each of broods 5 and 6 were raised together. 
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of overcrowding the fish, and of using varying 
amounts of water in which to hold the fish. Hilde- 
brand admitted that in some individual lots propor- 
tionately fewer deaths occurred among the males than 
among the females but stated that generally the re- 
verse was true. 

Although no special experiments on the resistance 
of Gambusia to adverse conditions were performed, 
many observations were made while transporting 
many thousands of those fish in Illinois and Michigan. 
It was noticed that mosquitofish were easier to trans- 
port over long distances than were most fish native 
to the area. In July 1944, 165 Gambusia of various 
sizes were placed in a 10-gallon milk can, approxi- 
mately half full of water, in the trunk of the writer’s 
automobile. These fish were the remnant of a group 
being planted for mosquito control. They remained 
in the can for a period of 9 days during which time 
they travelled a total of 782 miles. The water was 
not aerated nor were the fish given any food. Air 
temperatures reached into the nineties and certainly 
the temperatures in the car trunk might have exceeded 
100 since no attempt was made to keep the ear in the 
shade. Every other day the fish were observed to 
find out how they were getting on. At the end of 9 
days the fish were removed from the milk can and 
in that period only 3 fish (all adult males) had died. 
The remaining 162 fish were sexed and if they were 
obviously males or females were liberated in a pond 
near Ann Arbor. Among the 162 fish there were 46 
in which the sex was not readily recognizable. These 
were preserved and the sex determined under a micro- 
scope. The sex ratio of the entire lot was 166 females 
(103 fish) to 100 males (62 fish, of which 3 died dur- 
ing the experiment). 

The experience of the writer has shown that in the 
great majority of cases male mosquitofish are much 
less resistant than are the females. On October 4, 
1940, after a sample of mosquitofish from Parr’s 
Pond was preserved, 7,750 fish were placed in four 
10-gallon milk cans and taken to the North Pollywogs 
near Danville, Illinois, a distance of about 90 miles. 
The water in which the fish were carried was not 
aerated. At the end of the journey, the live fish 
were planted out and the dead ones were preserved. 
A total of 897 fish perished en route and of these 634 
(70.7 per cent) were males and the remainder were 
females. Inasmuch as the sex ratio of the preserved 
collection was 110 females to 100 males it may be 
assumed that the ratio of the transported fish was 
similar. 

In July 1944, Mr. Aden C. Bauman of the Missouri 
Conservation Commission took 149 Gambusia, from 
stock which had survived 3 winters in Michigan, to 
Columbia, Missouri. Those fish, some of which were 
gravid females, were placed in about 4 gallons of 
water in a can in the trunk of Mr. Bauman’s ear. 
The following is an excerpt from Mr. Bauman’s letter 
of February 12, 1945: “. . . Returning to Columbia 
after a 2-day stop in Illinois, I had 137 live Gam- 
busia. I kept them iced while in I[linois, at which 
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time they were kept in a cellar. 
all adult males, died in transit... . 
It has been pointed out earlier that male mos- 
quitofish, although they become mature at about ' 
the same age as the females, do not have so long a 
reproductive period. In the populations studied here 
the mature females were apparently longer lived than 
the mature males of the same brood. The females 
lived on to liberate several broods of young whereas 
the males, after fertilizing the females, disappeared. 
In the considered opinion of the writer, Gambusia 
is easily transported from one place to another and, 
although both sexes are highly resistant to adverse 
conditions, the females, even though heavily gravid, 
are more resistant than are the males. The mature 
males, having a higher death rate than the females, 
are less numerous in long standing populations with 
the result that unequal sex ratios oceur in adult 
stocks. 


Twelve Gambusia, 


” 


ACCLIMATIZATION OF GAMBUSIA TO 
NORTHERN ILLINOIS AND 
MICHIGAN 


The natural range of the western mosquitofish has 
already been discussed page 5).  Krumholz 
(1944) gave a short summary of the acclimatization 
of that poeciliid into northern Illinois and southern 
Michigan. 

The first introduction of Gambusia into northern 
Illinois took place in 1923 when some fish, taken 
from a small pond on the campus of the Southern 
Illinois State Normal University at Carbondale, were 
transferred into a garden pool on the estate of Mr. 
Roland D. Whitman in Winnetka. That planting was 
augmented by another in 1925. In their new environ- 
ment, near Chicago, the fish were subjected to much 
more rigorous climatie conditions than those to which 
they had been accustomed at Carbondale (Holcomb, 
1941). However, Jordan (1927) stated that the diree- 
tor of the Illinois pond at Carbondale reported that a 
foot and a half of ice over the pond surface did not 
kill the mosquitofish as they were all hibernating 
in the bottom of the pond. Winters of this severity, 
although infrequent in the region of Carbondale, 
apparently aided the indigenous population of Gam- 
busia in becoming hardier than other members of 
the same species farther south. 


(see 


Evidently a considerable amount of good fortune 
accompanied the success of the plantings in Winnetka 
in 1923 and 1925. Clarke (1939), among the first 
to suggest the use of fish for mosquito control in the 
Chieago Region, stocked ponds on seven golf courses 
with mosquitofish from Carbondale in 1928. None of 
these fish survived the subsequent winter, so another 
attempt to introduce the fish from southern Illinois 
was made in 1929. Again the plantings failed, and 


in 1933 Clarke drew upon the stock in Winnetka for 
the first time and introduced the fish into 7 ponds in 
suburban Chicago in the hope of establishing hatch- 
eries as a source for widespread stocking in later 
The method of dispersal proved satisfactory 


vears. 
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and since that time more than 100 waters of various 
types in Cook County, Illinois, have been stocked 
with these “native” mosquitofish. 

Plantings of southern Gambusia failed in the viein- 
ity of Camden, New Jersey, and Philadelphia as will 
be shown later (page 35). Herms and Gray (1940) 
stated that Gambusia had been successfully introduced 
into the Puget Sound area, but the winters there, 
although farther north, are much more temperate 
than in the region of Chicago. 

The western mosquitofish was first introduced into 
Michigan on June 30, 1941, when, through the ecour- 
tesy of the Michigan Institute for Fisheries Research, 
several thousand specimens were transferred from the 
Argonne Woods Pond, Cook County, Illinois. These 
fish were taken to the State Fish Hatchery at Dray- 
ton Plains, Michigan, and during the course of the 
summer were introduced into a number of natural 
and artificial hodies of water. It seems unnecessary 
to describe each of these ponds other than to mention 
that 3 of the natural lakes were dystrophic, one was 
an acid bog, and one an eutrophic lake. The artificial 
ponds ranged in age from a few years to two decades 
and were all mud-bottomed with good growths of 
aquatic plants. All but 2 of the ponds were inhabited 
by other species of fish. Goldfish were introduced 
into one of the ponds sometime during the late fall 
of 1941 and in October 1944, 25 largemouth black 
bass fingerlings were placed in the pond. 

The topminnows have successfully passed 5 winters 
in 2 of the artificial ponds. The other artificial ponds 
were not permanent. It is not known whether the 
plantings in the natural waters were successful al- 
though no topminnows have been collected from any 
of them. 

Since 1941, mosquitofish have been introduced into 
natural waters in Michigan as far north as the Straits 
of Mackinac. Considerable numbers of Gambusia have 
escaped into the waters of the Clinton and Huron 
River systems from ponds which empty into those 
waters. The escaped fish may eventually establish 
populations in Lake St. Clair and the Lake Erie 
marshes. No adequate surveys of these lakes or 
streams have been made since the introductions of the 
mosquitofish and it is not known whether the fish 
have become established. 

In 1942, some of the stock which had survived the 
preceding winter near Ann Arbor were sent to Dr. 
C. M. Breder, Jr., then Director of the New York 
Aquarium, in an attempt to get the species established 
in the region around New York City. 

The fish which Mr. Bauman took to Missouri in 
July 1944 (page 32) were placed in three small shal- 
low ponds in the vicinity of Columbia. An excerpt 
from Mr. Bauman’s letter of Feruary 14, 1945, fol- 
“By freezing weather the Gambusia had repro- 
duced until there were ‘swarms’ of them in all ponds. 
The freeze-up came December 1, 1944, and was fol- 
lowed by a 10-inch snow on December 10. By Jan- 
uary the ice was 8-10 inches thick. On February 12, 
the ice had left our ponds and streams and we can 
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say (with reservations) that spring is here. Also I 
can report that the hardy Gambusia from Michigan 
came through one of our hardest winters in years, 
whereas our river-bottom Gambusia always died when 
brought into this vicinity.” 

The minimum requirements necessary for the mos- 
quitofish to pass a winter successfully in northern 
Illinois or southern Michigan, where there is a more 
or less continuous ice cover on the ponds during the 
winter months, are not easily defined. Where intro- 
duction of this fish into northern waters are contem- 
plated, the first requirement is the selection of a 
brood stock from a region where climatic conditions 
simulate those of the new habitat as closely as pos- 
sible. The brood stock should be obtained from the 
northern limit of the natural range of Gambusia or 
at least from a point where there is an ice cover on 
the ponds at some time during the year. The fish 
which were introduced into and became established in 
the Chicago region, were brought from Carbondale, 
Illinois. Although these fish did not come from the 
extreme northern limit of their natural range, freez- 
ing temperatures and ice formation occur during the 
winters and it may be assumed the fish were much 
more resistant to cold than fish brought in from a 
southern state. Perhaps the introductions in the 
vicinity of Philadelphia might have met with greater 
success if the introduced stock had come from 
the Chesapeake Bay area rather than from North 
Carolina. 

The next problem is the selection of the proper type 
of pond in which to place the fish that it is desired 
to carry over winter. It has been the experience of 
the writer that the fish have a better chance of sur- 
vival if they are introduced into a soft-bottomed pond, 
having a maximum depth of at least five feet, and 
free from other fish. The fish should preferably be 
placed in their new environment early in the summer 
so that the population can become well established 
before the ensuing winter. In some instances Gam- 
busia will survive the winter in ponds of a lesser 
depth than five feet. The mosquitofish which had been 
left in Sam Parr’s Pond, Macon County, Illinois, in 
the fall of 1940, survived the subsequent winter in 
water which had a maximum depth of 10 inches in- 
cluding an ice cover of about 4 inches during part 
of the winter. 

In making the introductions of this exotic species 
into Michigan, ponds of different types, such as nat- 
ural lakes with standing fish populations, bog ponds 
which harbored a few species of small fishes, im- 
poundments with and without other fishes present, 
and hatchery ponds, were selected. Collections made 
the following spring showed the mosquitofish sur- 
vived in all but one of the artificial bodies of water. 
One of the impoundments, a spring pond, contained 
brook trout (Salvelinus f. fontinalis) whieh had 
spawned successfully in the outlet stream. The floor 
of that pond supported a dense growth of Chara and 
the mosquitofish established themselves and suceess- 
fully passed 3 winters in the pond. It is not known 








34 


whether the population is still present. In another 
impoundment there was a large population of stickle- 
backs (Eucalia inconstans) and the topminnows have 
become well established there. In still another pond, 
formed by exeavating an intermittent marsh, Gam- 
busia have withstood competition from large numbers 
of goldfish (Carassius auratus) and the population 
has inereased so greatly that it has become a souree 
of supply for further plantings sinee 1941. 

The hatchery ponds, although often contaminated 
with various species of fish as yellow perch (Perca 
flavescens), black crappies (Pomowxis nigro-macula- 
tus), pumpkinseeds, sticklebacks, minnows (Notropis 
heterodon and N. heterolepis) and other species, have 
supported Gambusia through 3 winters and have 
furnished a good source of supply for further intro- 
ductions. Although these hatchery ponds have maxi- 
mum depths of only 3 or 4 feet, there is a continuous 
flow of water through them during the winter which 
prevents the accumulation of harmful products of 
decomposition. 

Gambusia have survived winters under the ice in 
northern Illinois in ponds having hydrogen-ion con- 
centrations (pH) which ranged from 6.6 to 7.8 and 
total hardness (methyl orange alkalinity) readings be- 
tween 12.8 p.p.m. and 320.4 p.p.m Also mosquitofish 
have failed to survive the winter in ponds more than 
five feet deep and whose pH and total hardness were 
well within the above range. Thus, although the 
range of tolerance to pH and total hardness of water 
shown by Gambusia is fairly wide, there are un- 
doubtedly other factors which directly affect their 
ability to maintain a population. 

In placing Gambusia in ponds where larger pre- 
daceous fish are present it is imperative that there is 
sufficient shallow water and aquatie vegetation to 
furnish ample cover. 

Mosquitofish are capable of maintaining population 
in salt, brackish, or fresh water. Along the Gulf 
Coast they are found in all three of these habitats. 
Sicault (1934), in studies on the ability of G. a. hol- 
brooki to become adapted to salt water in Morocco, 
found that it was possible to transplant the fish from 
fresh water into water, to which 12 grams of sodium 
chloride per liter had been added, without any appar- 
ent diminution of their larvivorous capacity. Also he 
found that by progressive adaption it was possible to 
transfer the topminnows from fresh water into water 
which approximated sea water in salt content (33 
grams, sodium chloride per liter). In concentrations 
greater than 35 grams of sodium chloride per liter 
the Gambusia died. 


GAMBUSIA AS AN AGENT FOR MOSQUITO 
CONTROL 


That fishes are of value in mosquito control has 
been recognized since the latter part of the nineteenth 
century. An article which appeared in Insect Life 
(1891, 4:223) told of an English gentleman, who, 
having discovered that the mosquitoes which troubled 
him bred in large tanks kept for the purpose of 
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storing fresh water, placed a pair of carp in each tank 
and succeeded in eliminating the insect pest. 

The renowned entomologist, Leland Ossian Howard 
(1901), after obtaining information on the feeding 
habits and larvivorous capacity of Gambusia from 
Mr. W. P. Seal, Dr. H. F. Moore, and Dr. H. A. 
Veazie, was first to advocate the use of that poeciliid 
for the control of mosquito larvae. At that time, 
however, Seal, seemed inelined to believe that the 
pumpkinseed, Lepomis gibbosus (.), a small sunfish, 
would be more satisfactory because its spiny rays 
would make it less likely to be eaten by larger fishes. 
Smith (1904) stated that no fish native to New Jersey 
could control mosquito larvae as efficiently as the mos- 
quitofish and requested Seal to introduce Gambusia 
into that state. Accordingly, Seal (1910) transported 
10,000 Gambusia and Heterandria from North Car- 
olina to New Jersey and liberated them in the vicinity 
of Camden in 1905 (Howard 1910). This was the 
first attempt to introduce Gambusia into northern 
waters as a mosquito-control measure. 

At the request of Mr. D. L. Van Dine, entomologist 
of the Hawaii Agriculture Experiment Station, Jor- 
dan sent Seale (1905) to Texas where the latter 
obtained fishes of 3 genera (Fundulus grandis, Gam- 
busta affiis, and Mollienesia latipinna) in order to 
ascertain their effectiveness in the control of mosquito 
larvae. Gambusia proved to be the most efficient, but 
Seale took about 150 of each of the 3 kinds to Hono- 
lulu where they were again tested with similar results. 
That was the first time Gambusia was taken outside 
the continental United States for use in mosquito eon- 
trol. In 1913 Seale (1917) earried 24 mosquitofish 
in a glass jar in his stateroom from Hawaii to the 
Philippine Islands. In both island groups the top- 
minnows thrived and reproduced in large 
numbers. 

Jordan (1926, 1927) was highly instrumental in 
having mosquitofish introduced into other countries. 
The American Red Cross and the International 
Health Board of the Rockefeller Foundation under- 
took a major portion of the responsibility of having 
such shipments made. 

The introduction of Gambusia into Europe was 
due also to the efforts of Dr. Massimo Sella who, with 
the aid of the Red Cross, arranged to have shipments 
of G. a. holbrookii sent from Augusta, Georgia, to 
Spain and Italy in 1921. The lot sent to Spain 
arrived in good condition and the fish were placed in 
natural waters at Talayuela, Caceres (de Buen and 
de Buen 1922), and thence transferred to other parts 
of the Iberian Peninsula. The fish intended for Italy 
failed to survive the trip but the following summer 
Sella (1926) took some of the stock from Spain to 
Italy. Beeause the mosquitofish from this original 
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introduction were unable to withstand the winters in 
northern Italy, a shipment of G. a. affinis was sent 
from Carbondale, Illinois, to Trieste in November 
1927 (Rivista die Malariologia, 6 :999-1000). 

Both of these subspecies of Gambusia have been 
widely distributed in Europe, Asia Minor, Afriea, 
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and nearby islands. Because of the obseurity of 
some statements in the literature regarding the intro- 
duction of mosquitofish it has been impossible to 
separate the introduction according to subspecies. A 
list of places where Gambusia affinis is known to 
have been introduced in the Old World follows: 


Albania Greece Romania 
Algiers Hungary Russia 
Austria Italy Sardinia 
Bulgaria Jugoslavia Sicily 
Caucasus Macedonia Spain 
Corsica Madagasear Syria 
Dalmatia Mauritius Tripolitania 


Egypt Morocco Turkestan 


Fezzan North Caueasus Turkey 

France Palestine Ukraine 

Georgia Portugal Union of 

Germany Reunion South Africa 
Rhodes 


On the other side of the world, the mosquitofish has 
becn distributed over a much greater area. Following 
its establishment in the Hawaiian and Philippine 
Islands, Gambusia has _ been the 
following: 


introduced into 


Alaska Cook Islands Japan 

Bonin Islands Federated Malay Marianas Islands 
Borneo States New Ireland 
Burma Fiji Islands New Guinea 


Caroline Islands 
Celebes 


Formosa 
Guadaleanal 


New Zealand 
Samoa 


Ceylon Hongkong Siam 
China India Tahiti 


During World War II the United States Army has 
introduced mosquitofish into various island groups in 
the Pacific war theater not mentioned here. 

In the Western Hemisphere the mosquitofish has 
been introduced into Eeuador and Argentina in South 
America; Porto Rico, the Virgin Islands and other 
of the Lesser Antilles; and into Arizona, California, 
northern Illinois, Kansas, Massachusetts, Michigan, 
Nevada, New Jersey, New Mexico, Ohio, Utah, Wash- 
ington, Wisconsin, and probably other states. 

Many of the introductions listed here have not been 
recorded in the literature and were graciously sup- 
plied by Mr. Alvin Seale, Professor Albert W. C. T. 
Herre, Professor Carl L. Hubbs, Mr. W. J. Phillipps, 
Mr. A. Cecil Harrison, and Mr. J. Lyell Clarke. Cer- 
tainly there have been a great many instances in 
which this poeciliid was taken from one place to 
another for purposes of mosquito control of which no 
record was made, and consequently the lists given 
above are incomplete. 

The natural range of Gambusia affinis has already 
been mentioned (page 10). Two other species, G. 
nobilis and G. geyseri are native to Texas. Still other 
members of the genus are native to the Gulf Drainage 
of Mexico and Central America, to both Coastal 
Drainages of Panama, and to the islands of Cuba, 
Hispaniola, Jamaica, and the Caymans and Bahamas. 

The accompanying map (Fig. 14) shows the natural 
range of Gambusia and the localities into which G. 
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affinis has been introduced throughout the world. Be- 
cause of the large scale of miles, the areas of intro- 
duction as shown by the map are exaggerated in some 
instances. The facts at hand prompt the writer to 
agree with the late David Starr Jordan who stated 
that Gambusia affinis enjoys a wider distribution than 
any other freshwater fish. 

The first, and most extensive, investigation on the 
use of fish in the control of mosquitoes undertaken 
by the United States Government was inaugurated as 
a public health measure in July 1915 (Smith 1916). 
The U. S. Bureau of Fisheries and the U. S. Bureau 
of Entomology, with the assistance of the U. S. Pub- 
lie Health Service, found it necessary to study the 
comparative efficiency of different fishes in controlling 
mosquito larvae and to ascertain how the effectiveness 
of the more suitable species was affected by the vari- 
ous conditions of depths of water, vegetation, and 
debris. An economic cireular (Radeliffe 1915) was 
issued giving an account of the common fishes known 
to be of value in the control cf mosquito larvae. The 
majority of this work was earried on in the “malaria 
helt” of the southeastern United States, and the mos- 
quitofish was found to be more effective than any 
other species. 

Hildebrand (1919, 1921, 1925), in an attempt to 
gain information relative to the actual value of Gam- 
busia as eradicators of mosquito larvae and pupae 
under a wide range of conditions, made a thorough 
investigation over a period of four summers in the 
The 
information secured from these experiments indicated 
that the mosquitofish had effected a reduction in the 
number of mosquito larvae and pupae amounting to 
57.8 per cent in the anopheline and 80.8 per cent in 
the culicine populations. His data showed that re- 
duction was materially greater in the number of 
pupae (74.2 per cent in anophelines and 85.1 per cent 
in culicines) than in the numbers of larvae (57.6 per 
cent in anophelines and 80.7 per cent in culicines). 
However, it was pointed out that the numbers of 
small larvae were reduced to a greater extent than 
were the large ones. In conclusion, Hildebrand listed 
the following reasons why Gambusia affinis is espe- 
cially suited to antimosquito work: 


vicinity of Camp Hancock at Augusta, Georgia. 


‘“(a) It seeks its food at the surface; (b) it is very 
prolific; (ce) it gives birth to well-developed young, 
therefore requiring no special environment for depositing 
and hatching the eggs; (d) it lives and thrives under a 
large variety of conditions and frequents areas especially 
suitable for the support of mosquito larvae; (e) it 
usually lives and multiplies in ponds stocked with pre- 
dacious fishes, providing it has very shallow water for 
refuge.’’ 


H. H. Howard (1920a, 1920b, 1922) obtained effee- 
tive control over mosquito production by the use of 
Gambusia in a rural area of Hinds County, Missis- 
Howard’s results from the use of fish as a 
control measure as compared with those achieved by 
oiling showed that: (1) fish contro! is less expensive— 
the cost is limited to the labor of capture and trans- 


sippi. 
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portation; (2) fish control is less liable to accidents— 
the effectiveness of the oil film is quickly destroyed 
by winds, rains, and wave action, which have prac- 
tically no effect on the efficacy of the mosquitofish as 
a control agent; and (3) fish control is more enduring 
in its results—one introduction of fish will suffice for 
a long period of time whereas oiling as a control 
measure is transient in its results and to be effective 
must be regularly and continuously practiced. In 
addition, Howard pointed out that the incidence of 
malaria during 1919 was only about 65 per cent of 
that of the preceding year. 

Moore (1922), in an attempt to find a species in- 

digenous to the North Atlantic States which would 
prove as valuable as Gambusia in mosquito control, 
made observations on the larvivorous capabilities of 
29 species of fishes belonging to 9 families. He found 
9 species which deserved special mention, and of 
these the pumpkinseed proved itself to be the best 
of the lot but not nearly so effective as the mosquito- 
fish. Attempts were made to acclimatize Gambusia to 
the region of Philadelphia each of the three years 
of the investigation. All of the attempts failed, how- 
ever, as had the earlier attempts of Seal, presumably 
because of the severity of the winters. Moore, realiz- 
ing that annual reintroductions of mosquitofish into 
the many mosquito-breeding habitats in the region of 
Philadelphia would be impractical, even though such 
a practice would be of value, stated: 
«*. . . The planting of a permanent self-perpetuating 
stock only would suffice. Up to the present such stock- 
ing in the latitude of Philadelphia has failed. Just why 
Gambusia will not live over winter is not clear. The 
winter of 1920-21 was no more sever than those to which 
the top minnow is frequently exposed within its natural 
range, yet in four ponds in which they thrived dur- 
ing the preceding summer, not a single one appears 
to have survived. In an attempt to solve this second 
problem, it is proposed to search the northern border of 
the fish’s range for a cold-resistant race or to attempt 
the isolation of such a race by selection and possibly by 
hybridization. ’’ 


So far as is known to the writer, such a hardy race 
has not been established in the eastern United States. 
Perhaps the most thorough treatise on the use of 
fish in controlling mosquitoes is the booklet “The Use 
of Fish for Mosquito Control” published by the 
International Health Board of the Rockefeller Foun- 
dation (1924). In addition to a discussion of the use 
of Gambusia in various parts of the United States, 
and also Spain and Italy, that paper includes a com- 
prehensive treatment of the use of various kinds of 
fishes in all parts of the world where malaria is a 
menace. Recently, Gerberich (1946) annotated a 
bibliography of papers relating to the control of 
mosquitoes by the use of various kinds of fish. 
Following the introduction of Gambusia into for- 
eign lands, most workers in those countries have found 
that the fish are highly efficient in the control of mos- 
quitoes. Near Rovigno, Italy, Sella (1929) found, in 
a single test pond where Gambusia was the sole agent 
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for the control of anopheline production, that the 
fish were more effective during August than at any 
other time during the summer. The degree of control 
afforded by the mosquitofish for two successive years 
follows: 


1927 1928 
BERMIN Y sin hares cahermegtaieie ne nuetels 2% 2% 
II, oso cs-ateopie greatest 16% 12% 
WS a scales. ws qcrbaiat 70% 54 
MUNN ia. ovrisa. 08s ate said ovens 87% 838% 


Sella attributed the better control late in the summer 
to the tremendous increase in the population of Gam- 
busia during June and July. 

Conversely, Valli (1928) found that Gambusia were 
only 20 per cent effective in mosquito control. He 
attributed the poor control to the abundance of aquatic 
vegetation which contributed considerably to the hid- 
ing of the mosquito larvae. 

In the region of Kavieng, New Ireland, Holland? 
(1933) introduced Gambusia affinis into all known 
breeding places of Anopheles over a coastal area 72 
miles long, containing 32 villages and 3,001 natives 
(960 children). No mosquitofish were placed in the 
remainder of the subdivision which included 35 vil- 
lages and 3,438 natives (890 children). The spleen 
rate in the “treated” area fell from 24.6 in August 
1930, to 4.2 in July 1932 whereas in the same time 
interval the spleen rate in the “untreated” part of 
the subdivision fell from 47.1 to 28.8. Moreover, in 
the treated area there was an excess of births over 
deaths for the first time on record. 

Sokolov (1936), studying the value of Gambusia 
in mosquito control in rice fields in Turkestan, found 
that the extermination of Anopheles larvae by the 
mosquitofish amounted to about 90 per cent of the 
number of larvae in the control ponds. The results 
described by Sokolov clearly indicate the role of 
Gambusia as an agent in successfully applying a 
biological method of combating anopheline production 
in rice fields. 

Sieault & Roule (1935), working in Morocco, found 
that if mosquitofish were present in numbers in 
excess of 20 per square meter they prevented all 
mosquito multiplication during the warm weather. 
However, in the spring and fall, when the temper- 
ature fell below 5° C., the fish sought the upper 
water and allowed the mosquitoes to breed freely in 
the shallow water. 

De Buen (1940) found that, through their voracity, 
Gambusia, although not 100 per cent effective, kept 
the transmitters of malaria at a minimum in Spain. 

Within recent years there has been considerable 
research on the habits of Gambusia and its ability 
to control mosquito production in different parts of 
the United States. In the Southwest the mosquitofish 
has been introduced into many places and has been 
found to be quite valuable in antimosquito work. 
Particularly in California this poeciliid has multiplied 
in large numbers and has become acclimatized in many 
parts of the state. In Utah (Rees 1934, 1945), where 
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difficulty was encountreed in holding the fish over 
winter, natural warm springs in the vicinity served 
as reservoirs for keeping the fish until the following 
summer. Recently, the mosquitofish survived in cer- 
tain cold water ponds during mild winters. 

In the vicinity of Chicago, Illinois, the Des Plaines 
Valley Mosquito Abatement District has been using 
Gambusia as an integral part of their campaign against 
“pest” mosquitoes since 1933. Each spring the vari- 
ous pools, marshes, and lakes of the region are 
checked for mosquitofish and if the population of the 
previous year has failed to survive the winter a new 
introduction is made. The acclimatization of the top- 
minnow to northern Illinois and southern Michigan 
has been discussed previously. During late August 
1938, the writer made examinations of 24 ponds south- 
west of Chicago which were suitable for fish during 
at least part of the summer. Early in the summer 
14 of the ponds had been stocked with Gambusia 
and the remaining 10 had not. In those ponds in 
which no fish had been placed as a control measure, 
mosquito larvae and pupae, both anopheline and 
culicine, were taken in large numbers. In the 14 
ponds where mosquitofish were present, only a few 
larvae were collected from 9 of the ponds and none 
could be found in the other 5. 

The possible effectiveness of the mosquitofish in 
controlling the production of anopheline mosquitoes 
in southern Michigan was tested during 1943 in 4 
small artificial ponds at the State Fish Hatchery at 
Drayton Plains. The ponds (Fig. 15) were built 
during the winter of 1936-37 and each was provided 
with a separate inlet and outlet. All of the ponds 
were similar in size, 100 by 50 feet, with maximum 
depths of about 4 feet. The water was shallow at 
the end where the inlet was located and became 
gradually deeper toward the outlet end. The bottoms 
of the ponds were mud to which some sand and gravel 
had previously been added. A heavy growth of Chara 
covered the pond floor. Some eattails and smart- 
weeds grew in the shallower parts of each pond and 
some Najas was present in the deeper parts. Early 
in the summer the ponds were drained and all fish 
removed. Then the ponds refilled andthe 
aquatic vegetation was allowed to grow rampant for 
the rest of the summer so that naturai ponds in the 
area might be simulated. 


were 


Each of the 4 ponds was inspected for mosquito 
larvae at approximately weekly intervals during the 
entire summer. One dip with a quart-size dipper, 
taken every 10 feet of shoreline assured an adequate 
sampling of the population of mosquito larvae in each 
pond. The contents of each dipperful was carefully 
scrutinized for aquatie stages in the life eyele of the 
mosquito and all specimens taken were grouped as 
larvae or pupae. 

On July 23, 2 of the ponds (Ponds 7 and 8) were 
each stocked with 100 mosquitofish and the other 2 
(Ponds 9 and 10) were used as controls. One of the 
control ponds (Pond 9) became polluted during the 
latter part of August and could no longer be used in 
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Fie. 15. 
Plains State Fish Hatchery. 
testing the effectiveness of mosquitofish in controlling 


Experimental minnow ponds at the Drayton 
These ponds were used in 


anopheline mosquitoes. 


(Courtesy of Michigan Institute 
for Fisheries Research. ) 


the experiment. 
found. 


The cause of pollution was not 
The water was milky and had a foul odor 
and the animal life in the pond was at a minimum 
for the rest of the summer. 

The experiment was repeated the following year 
using 6 ponds instead of 4. Accordingly, mosquitofish 
were stocked in 3 ponds (Ponds 6, 7, and 8) on July 
14 and the other 3 ponds (Ponds 5, 9, and 10) served 
as controls. At the height of the anopheline breed- 
ing season (September 1), after the weekly collections 
had been made, 125 mosquitofish were seined out of 
Pond 7 and placed in one of the control ponds (Pond 
9). Those fish appeared to be representative of the 
population in Pond 7 inasmuch as they ranged in 
size from newborn voung to adult males and gravid 
females. 

The mosquitofish brought about a considerable re- 
duction in the abundance of the anopheline larvae 
znd pupae in the hatchery ponds under observation 
(Tables 20 and 21; Fig. 16). The data indicate that 
Gambusia was 80.9 and 94.8 per cent effective in the 
control of anopheline mosquito production in 1943 
and 1944 respectively. Furthermore, when the top- 
minnows were introduced into a fish-tree pond in the 
middle of the mosquito breeding season the numbers 
of larvae and pupae decreased sharply in subsequent 
collections, whereas the numbers of larvae and pupae 
taken in the collections from the 2 remaining control 
ponds continued to increase for another 2 weeks. 
Although control was not as complete as that in ponds 
in which mosquitofish had been present during the 
entire summer, the production of Anopheles was 
greatly reduced 

In all probability the growth of aquatie vegetation 
in the hatchery ponds used in this experiment was 
not as rank as that in nearby natural waters of com- 
parable size. However, the fact remains that Gam- 
busia effected at least an 80 per cent control of 
anophelines breeding under experimental conditions 
which simulated those in nature. Also, the topmin- 


nows wintered over in the ponds and were present in 
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TABLE 20. Numbers of anopheline larvae and pupae 
collected from three ponds (the data from Pond 9 were 
not used) at the Drayton Plains State Fish Hatchery, 
1943. Ponds 7 and 8 contained Gambusia and Pond 10 
was used as a control. 


‘ 





Ponp 7 Ponp 8 Ponp 10 
Collection 
date 

larvae pupae larvae pupae larvae pupae 
July 23 21 4 8 
July 30 33 12 62 
August 6 46 7 107 3 
August 13 55 18 164 5 
August 27 19 2 19 155 2 
September 9 9 8 103 1 
September 17 2 2 : 30 5 
September 24 3 1 3 | 37 4 
October 4 12 1 
October 8. 8 
Total 188 5 76 686 21 


sufficient numbers the following spring to supply an 
ample stock for further distribution of the species. 
Thus, the permanence of the control afforded by the 
use of the mosquitofish, together with the very low 
cost of introduction and maintenance, adds consider- 
ably to the practical value of this fish in antimos- 
quito campaigns. 


SUMMARY 


A total of 30,093 specimens of Gambusia a. affinis 
were collected during 3 summers from 8 ponds in 
northeastern and central [linois. All of those fish 
were measured, sexed, and classified as mature or im- 
mature individuals. The numbers of eyed embryos 
in the broods earried by 2,381 gravid females were 
counted. 

Length, frequency, size distribution, and growth 
rate-—Female mosquitofish attain greater lengths than 
males because the females continue to grow until they 
die whereas males grow very little after the formation 
of the gonopodium is completed. Consequently, the 


TABLE 21. Numbers of anopheline larvae and pupae 
Hatchery, 1944. Ponds 6, 7, and 8, contained Gambusia 
busia were introduced into Pond 9 on September 1. 


REPRODUCTION IN THE WESTERN MOsQuITOFISH 


39 


largest specimen in any collection of Gambusia is 
usually a female. 

Length frequencies and size distributions of mos- 
quitofish in collections from Illinois depend to a great 
extent on the fertility of the pond and the time of 
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collected from ponds at the Drayton Plains State Fish 
Hatchery, 1943 and 1944. The data represented in the 
graphs are given in Tables 20 and 21. 


collected from six ponds at the Drayton Plains State Fish 
, and Ponds 5, 9, and 10, were used as control ponds. Gam- 

















Ponp 6 Ponp 7 Ponp 8 Ponp 9 Ponp 5 Ponp 10 

Collection ——_—- ——_—_-|- - S| | | | 

date larvae pupae | larvae | pupae | larvae | pupae | larvae | pupae | larvae | pupae | larvae | pupae 
July iM: 3 1 1 : 36-4) 1 
July a 4 1 6 i 
July ee , 1 6 1 5 : 38 | 1 
August ean, 3 1 13 6 1 a ae 
August _ eee 4 i 3 11 : 10 1 54 2 
August ee 1 5 40 1 27 63 | 4 

August SR eee 3 5 i 7 48 1 i @ . - ai 

September 1....... ae 5 1 2 70 4 | 652 a 
September 8 5 4 2 6 11 64 131 | 8 
September 15. 4 8 2 5 69 imt s 
September 22 4 3 1 8 40 4 68 8 
September 29. 3 y 2 S 33 1 65 7 
October 6. 2 3 2 20 | 4 4 
Total. ... 29 43 3 25 224 7 | 362 8 | 853 37 
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summer at which the collection is made. Samples 
taken during May contained only relatively large fish 
that had survived the preceding winter whereas 
young-of-the-vear mosquitofish were invariably pres- 
ent in collections made later in the summer. Consid- 
erable differences in the growth rate of Gambusia, 
with consequent differences in size range, occurred in 
different ponds. Females, both parent and offspring, 
of the fast growing population in the fertile Argonne 
Woods Pond reached greater lengths and exhibited 
greater size ranges than did those in the less fertile 
Sanitary District Lake. In Parr’s Pond, where the 
fertility was higher and the growth rate faster than 
in either of the Chicago ponds, too few parent fe- 
males were taken to allow comparison but the female 
offspring attained a maximum length of 49 mm. dur- 
ing their first summer of life as compared with similar 
measurements of 44 mm. and 34 mm. respectively for 
female offspring from the Argonne Woods Pond and 
the Sanitary District Lake. 

The largest mature male mosquitofish taken from 
the Sanitary District Lake was 36 mm. long as com- 
pared with maximum sizes of mature males of 32 mm. 
from the Argonne Woods Pond and 31 mm. from 
Parr’s Pond. However, in all collections from those 
3 ponds there were only 4 specimens more than 31 
mm. long. 

Accordingly, the maximum size of the female mos- 
quitofish in Illinois depends largely on the fertility 
of the pond in which she lives whereas that of the 
male seldom exceeds 31 mm. 

Size and age at first maturity—Inasmuch as mos- 
quitofish are promiscuous in their breeding habits the 
minimum size at which the young reach maturity is 
rather easily defined by the lengths of the smallest 
mature males and gravid females in adequate collee- 
tions. The cetermination of the maximum size at 
which males become mature is obviated by the fact 
that growth practically ceases with the complete 
formation of the gonopodium. On the other hand, it 
is considerably more difficult to ascertain the maxi- 
mum size at which females become gravid for the first 
time. Parent females, which were present in the 
ponds near Chicago at the beginning of the summer 
and had obviously survived the previous winter, be- 
came gravid for the first time early in their second 
summer of life. The maximum size for such females 
in collections from the Argonne Woods Pond was 45 
mm. whereas those from the Sanitary District Lake 
were 31 mm. long. Those fish were 8-10 months old. 

Some of the offspring of the parent fish became 
gravid during their first summer. The minimum sizes 
for such gravid offspring in the collections from the 
Argonne Woods Pond, the Sanitary District Lake, 
and Parr’s Pond were 31 mm., 26 mm., and 24 mm. 
respectively. Those offspring were approximately 6 
weeks old when they first became gravid. 

Male mosquitofish reach maturity at smaller sizes 
and at slightly earlier ages than the females. The 
parent fish in the Argonne Woods Pond, the Sanitary 
District Lake, and Parr’s Pond exhibited maximum 
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lengths of 36, 32, and 31 mm. respectively whereas 
the offspring became mature at minimum lengths of 
21, 21, and 19 mm. respectively. 

Length of the reproductive period—The female 
mosquitofish present in a wild population at the be- 
ginning of the summer in Illinois are virgin. Those 
fish become gravid for the first time at an age of 
5-10 months and, after liberating a single series of 
broods, disappear from the population. Their repro- 
ductive period extends over 10-15 weeks depending 
on the number of broods liberated. Female offspring 
of the first and possibly the second brood liberated 
by the parent fish usually become gravid at an age 
of 4+-6 weeks. These offspring, having been fertilized, 
give birth to a single series of broods and then die. 
Such offspring have a reproductive period 4-10 weeks 
long depending on the number of broods they bear. 

The length of time males of Gambusia remain po- 
tent is not definitely known. It has been pointed out 
by other workers that the formation of sperm is a 
continuous process once maturity has been reached. 
Functionally, there is little need for male mosquitofish 
to retain their poteney over long periods of time in- 
as much as one fertilization of a female is adequate 
for the production of the single series of broods to 
which she gives birth. 

Gestation period.—The gestation period for Gam- 
busia ranged from 21 to 28 days in 14 such periods 
observed in the laboratory. The average for the 14 
periods was 23.9 days. 

Number of broods born per season.—The number 
of broods liberated by a female mosquitofish during a 
season in Illinois ponds depends on the age at which 
maturity is reached and, to a lesser extent, on the 
fertility of the pond in which she lives. Parent 
females, having reached maturity at an age of 8-10 
months, give birth to a series of 3-4 broods whereas 
offspring that become mature when 4-6 weeks old, 
liberate only 1-2 broods. In Parr’s Pond, where the 
population was newly established and the fertility 
of the pond was very high, the parent females gave 
birth to 4 and possibly 5 broods and the offspring 
liberated at least 3 broods of young. 

Relationship between the length of the mother and 
the size of the brood —In general, the average num- 
ber of young per brood increases with the length of 
the mother fish. The physical limitation of the size 
of the mother fish is not the sole determining factor 
in the relationship between the gravid female and the 
number of young per brood. The rate of increase 
in the size of the brood is not constant with the rate 
of increase in the length of the mother fish but rather 
decreases as the length of the mother increases. Some 
metabolic factor, coincident with the approaching 
end of the reproductive season, apparently controls 
the rate of increase in the number of young per 
brood. 

Decrease in the size of broods with increasing age.— 
The decrease in feeundity with inereasing age holds 
for both parent fish and offspring. The average num- 


ber of young per brood earried by females in Tllinois 
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ponds showed that even though the actual length of 
the mother increased there was a marked decrease in 
the size of the broods in subsequent collections. 
Senility —Poeeiliids, unlike many other fishes, have 
a definite period of sterile senility following repro- 


duction. Senility among Gambusia is not a funetion 
of age alone. Females that began to bear young 


when only 4-6 weeks old were physiologically more 
senile at an age of 4 months than were females that 
did not begin to reproduce until they were 8-10 
months old. Furthermore, the older fish reproduced 
ever a longer period than did those which reached 
maturity at an early age. 

Length of life under natural conditions.—In Illinois 
no mosquitofish was found that had survived 2 win- 
ters and entered the third summer of life (2 annuli 
on the seales). In general, mosquitofish die the same 
summer in which they reach maturity. The maximum 
life span is that of females which do not become ma- 
ture until their second summer. Those fish liberate 
their series of broods and die at an age of about 15 
months. 

Sex ratio and differential death rate—Male and 
female mosquitofish are born in approximately equal 
numbers. As the fish grow older there is a gradual 
shift in the sex ratio in favor of the females. The 
females are hardier and longer-lived than the males. 
Unequal sex ratios in collections of Gambusia are not 
to be attributed to a differential birth rate but rather 
to the relatively longer life and hardiness of the 
females. 


Acclimatization to northern Illinois and to Mich- 
igan.—Gambusia native to southern Illinois have 
become acclimatized to natural waters in northern 


Illinois and have withstood the rigors of the climate 
in that region for more than 20 vears. Some of the 
hardy stock from the Chicago area were introduced 
into outdoor ponds in southeastern Michigan in 1941 
and have survived 6 winters there. 

Mosquito control—Experiments extending over 2 
summers in Michigan showed that Gambusia was 80.9 
and 94.8 per cent effective in the control of anopheline 
mosquito production in ponds where natural condi- 
tions were simulated. When introduced into a fish- 
free pond at the height of the mosquito breeding 
season, mosquitofish effected about an 80 per cent 
reduction in the anopheline reproduction within a 
week. 
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BIONOMIC STUDIES ON THE BEET LEAFHOPPER 


INTRODUCTION 


The beet leafhopper (Hutettix tenellus (Baker) ) 
(Order Hemiptera, Suborder Homoptera, Family 
Cieadellidae) the only known vector of the virus of 
curly top disease, has been the most important pest 
affecting sugar beets in the Western States and has 
also been outstandingly important in limiting the 
production of beans, tomatoes, melons, and other 
garden crops, and many ornamental plants. Since 
the agent of transmission of the disease was an- 
nounced by Ball in 1906, extensive investigation of 
the probiem has included studies of the life history, 
biology, and host plants of the insect in relation to 
weather and climatic conditions in the more important 
areas of distribution as well as epidemiological re- 
search and the breeding of disease-resistant varieties 
of plants. 

Bionomie studies of the beet leafhopper have been 
especially difficult because of the rapid fusion or 
overlapping of successive generations, long migra- 
tions, and more or less local shifting movements, and 
the difficulty of determining and measuring effects of 
the more significant variables in the environmental 
complex. Such studies have also been complicated 
by seasonal variation in the time of germination and 
maturation of different wild host plants and their 
sequence, abundance, and distribution. Owing to the 
involved ecological relations and the difficulty of 
studying certain phases of the effects of weather and 
climatie factors by methods other than analytical, 
experiments were conducted to serve as a practical 
basis for field studies and as an aid in interpreting 
problems of development, activities, abundance, and 
distribution of the insect. 

The investigations on which this paper is based 
were conducted as a part-time project from 1932 to 
1937, inclusive, at Twin Falls, Idaho, in cooperation 
with the Bureau of Plant Industry, Soils, and Agri- 
cultural Engineering and the Idaho Agricultural Ex- 
periment Station. The study was initiated by P. N. 
Annand, to whom appreciation is expressed for direet 
supervision during earlier phases of the work. The 
writers are also indebted to W. C. Cook for his in- 
terest in the studies and many. helpful suggestions 
given during the progress of the work and prepara- 
tion of the manuscript. Other assistance given in 
various ways by R. A. Fulton, C. F. Henderson, J. C. 
Chamberlin, A. O. Larson, D. E. Fox, and M. F. 
Bowen is gratefully acknowledged. 


PREVIOUS STUDIES 
The beet leafhopper was announced to be the veetor 
of curly top disease of sugar beets by Ball (4) in 


1906, who also recorded early observations on its life 
history and wild host plants (5, 6). Ball (6) eon- 
cluded that only one generation of the beet leafhopper 
oceurs annually, but Stahl (87) and later investi- 
gators (14, 29, 41, 49) have correctly reported the 
occurrence of two or more generations annually in 
the more important areas of distribution. A detailed 
account of the life history of the leafhopper in Cali- 
fornia, supplemented by studies of the life eyele in 
observation cages was given by Severin (82, 83). 

Carter (i4) extensively analyzed the beet leafhop- 
per problem with special reference to the ecology of the 
insect in southern Idaho. Annand et al. (2) discussed 
movements of the leafhopper from different desert 
breeding areas in southern Idaho and emphasized the 
importance of extensive and thorough surveys in the 
fall and spring as a closer check on the distribution, 
abundance, and development of the insect relative to 
economie conditions determined by the magnitude and 
time of the spring movement to the cultivated areas. 

Seasonal development, natural enemies, and _ host- 
plant relations of the insect in northern Utah were 
diseussed by Knowlton (49, 50). Hills (41) studied 
seasonal development of the leafhopper and effects of 
weather conditions on its abundance in south-central 
Washington and northeastern Oregon. Studies of 
types of vegetation in the San Joaquin Valley of 
California and effects of overgrazing and intermittent 
farming on the distribution and abundance of seasonal 
weed hosts of the beet leafhopper were reported by 
Piemeisel & Lawson (72) and Lawson & Piemeisel 
(53). Fox (24) deseribed the occurrence of the beet 
leafhopper and associated insect species on secondary 
plant successions in southern Idaho with reference to 
studies by Piemeisel (71) of the changes in weedy 
plant cover that follow the abandonment of cleared 
sagebrush lands. Romney (76) discussed the breed- 
ing areas and economic distribution of the beet leaf- 
hopper in New Mexico, southern Colorado, and west- 
ern Texas, and methods of its control on beets grown 
for seed in Arizona and New Mexico (77). The life 
history, bionomies, and control of the leafhopper were 
discussed by Cook (16, 17). 


METHODS 


Groups of eggs for the different experiments were 
obtained by placing mature females on sugar-beet 
plants in small cages designed to fit snugly around 
the petioles. After 12 hours the cages were removed 
and portions of the plant in which the eggs were 
embedded were marked with ink. Toward the end 
of embryonic development, cages were replaced on 
the plants to confine the young nymphs. The same 
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cages were used to confine single adult females in 
experiments on oviposition. Transfer of the females 
to fresh plants was accomplished by shaking the cage 
lightly until the inseets would come to rest on the 
side of the container, when it was slipped off an 
exposed plant and onto a One of these 
cages, which was designed and used by Charles F. 
Henderson in related studies, is shown in Figure 1A. 


fresh one. 





Fig. 1. 
studies under controlled 
egg and preovipositional stages; B, for studies of the 
nymphal stage. 


Cages used to confine the beet leafhopper for 
conditions: A, For studies of 


Cages used in studies of nymphal development (Fig. 
1B) were made of thin, fine-meshed cloth over a sup- 
porting frame of celluloid attached to a metal band. 
These were placed over the beet plant and pressed 
into a layer of clean sand covering the surface of the 
soil so that both leaves and petioles of the plant 
were available for feeding. Both types of cages were 
designed to provide a maximum circulation of air 
and thus to minimize any effect of evaporation on 
temperature and humidity conditions within the cages. 

The cabinets in which the cages were placed have 
been described elsewhere (2a). The temperature of 
the cabinets was controlled within approximately 
+(.2° F. and the relative humidity within +1 per- 
cent. Continuous records of conditions within the 
cabinets were obtained with hygrothermographs, and 
temperature and humidity within the cages were 
checked with a thermometer and small dewpoint tube 
after methods described by Smith (86). Temperature 
changes and various periods of exposure at different 
temperatures were obtained by transferring the in- 
sects from one chamber to another at definite inter- 
vals. The relation of the temperature of the plants to 
air temperatures and the amount of temperature lag 
following transfers from higher to lower temperatures 
and vice versa were checked by means of small thermo- 
couples inserted carefuly in the plant tissue to insure 
placement of the junctions below the cuticle. The 
influence of temperature lag was apparently negli- 
gible, since differences of only a few degrees over 


periods of 2 to 6 minutes were detected, and these 
effects were evidently rather closely compensating in 
Possible cooling effects of evapo- 


alternate transfers. 
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ration were minimized by watering the plants spar- 
ingly from below in saucers. 

1ge deposition, hatching, attainment of the adult 
stage, and first egg deposition occurred under the 
same experimental conditions as were maintained for 
the corresponding embryonic, nymphal, and preovi- 
positional periods. The eggs were deposited during 
a 12-hour period, 9 a.m. to 9 p.m. or vice versa, and 
hatching was recorded daily at 9 a.m. and 9 p.m. in 
timing the embryonie period. The nymphs hatched 
or reached the adult stage over a 24-hour period and 
were observed daily at 9 p.m. in measuring the time 
required for the corresponding nymphal and preovi- 
positional stages. 

In studies of oviposition the eggs were counted as 
follows: The plant petioles were labeled with small 
string marking tags and immersed in a saturated 
solution of chloral hydrate, which was heated almost 
to the boiling point and then permitted to cool. The 
same solution was used repeatedly. This treatment 
rendered the plant tissue transparent and usually 
stained the eggs a light green. The eggs were counted 
by examining the plant material in a clear, concen- 
trated solution of chloral hydrate under a binocular 
microscope. A photomicrograph of eggs in the plant 
tissue after treatment is shown in Figure 2. 





a iments 4 








Fig. 2. Photomicrograph of eggs of the beet leafhop- 
per in a beet plant after treatment with chloral hydrate. 


Population samples on the desert plots were taken 
at random according to the following procedure: The 
observation plot was divided into smaller sections, 15 
feet square, by placing numbered stakes at the cor- 
ners. Beans, previously numbered to correspond with 
the numbers of the smaller plots, were drawn from 
a carton to determine the general distribution of the 
samples over the larger plot. From another series of 
beans numbered 1 to 15, two numbers were drawn 
to determine the coordinates of the position in the 
smaller plot where the sample was to be taken. 

Samples were taken at the predetermined positions 
by throwing down a cage held within a circular die 
mounted on the end of a pitchfork handle. The 
sampling eage was a eylinder of transparent celluloid 
that was capped with fine-meshed cloth and mounted 
on a eylindrical sheet-metal base for insertion within 
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the eutting die. 
forced into the soil to a depth of about 5 inches by 
means of a rotary motion. 


To remove the samples the die was 


During the winter, and 
at other times when the soil was moist, the contained 
sample could be removed undisturbed by lifting the 
die. At other times, to avoid disturbing the con- 
tained soil and roots of the plants, it was necessary 
to remove the soil from one side of the position with 
a trowel and to insert and hold a metak disk beneath 
the sample while it was removed from the die. 

The samples were placed in a delivery truck and 
brought to the laboratory for examination under a 
strong light. When the samples were 
watered in a shallow metal tray when placed in the 
truck. Nymphs and adults were removed from the 
sampling cages by means of a suction tube and were 
recorded according to the nymphal instars and sex 
and forms of the adult. After 
amination the samples were incubated for a week at 
92° F. to permit hatching of the eggs and were then 
reexamined to determine the number of eggs that had 
been present on the date of sampling. From 20 to 
50 samples were taken at weekly intervals during 
the summer and 40 to 50 samples were taken every 2 
weeks during the winter. These methods and the 
apparatus were developed and used in cooperation 
with D. E. Fox, who was studying the seasonal abun- 
dance of the beet leafhopper relative to that of some 
of its more important predators and other associated 
arthropods (36a). 


necessary 


seasonal color ex- 


BRIEF OUTLINE OF THE LIFE HISTORY 
In southern Idaho the beet leafhopper overwinters 
in the adult stage chiefly in sagebrush areas and 
abandoned dry-farming sections where there are mus- 
tards or other suitable host plants. The insects are 
active and feed during the winter whenever the tem- 
peratures permit. The overwintering females are fer- 
tilized in the fall, and most of the males die during the 
winter. Preoviposition development is completed dur- 
ing the winter, and egg laying usually begins early in 
March. 
tion develop in the same areas chiefly on flixweed 
(Descurainia sophia (Lam.) Webb) and green tansy- 
mustard (Descurainia pinnata subsp. filipes (Gray) 
Detling) and usually reach the adult stage by the end 
of May. The influx of adults of the spring genera- 
tion to the cultivated areas begins at this time, and 
the movement reaches a peak 1 to 3 weeks later, 
depending chiefly on temperature conditions affecting 


Leafhoppers of the first, or spring, genera- 


= be =) 


maturation of the insects in the contributing breed- 
ing areas. 

In this season temperatures permit rapid ovarian 
development, and the insects begin egg laying on 
arrival in the beet fields or within a few days there- 
after. 
mature in beet fields during the 


a part of another 
the 


One generation or one and 
remainder of 
season. 

During the spring movement of leafhoppers to 
cultivated areas, weedy sections in the deserts and in 
abandoned and cultivated farms are also populated. 
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Russian-thistle serves as the most important breeding 
host during the summer. Maturation of the second 
generation, or the third or overwintering generation 
of the season, occurs on Russian-thistle late in Sep- 
tember and in October, when cooler weather produces 
the darker markings that characterize the overwinter- 
ing adults. Another dispersal oceurs as the third 
generation matures, and the leafhoppers again appear 
in the overwintering and spring breeding areas, 
where they enter the winter on fall-germinated mus- 
tards or less favorable plants that serve as hold-over 
food hosts. 


STUDIES OF THE EGG 
STAGES 


DEVELOPMENT 


AND NYMPHAL 


Effects of constant temperatures 
The incubation periods at different constant tem- 
peratures are given in Table 1. The time-temperature 
relationships for duration of the egg stage and the 
relative effect of different temperatures on the rate 

of development are illustrated in Figure 3. 
The data show that the rate of embryonic develop- 
ment is rather closely proportional to the temperature 
between 65° and 93° F. and is well represented within 
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Fie. 3. Development of the beet leafhopper at differ- 


ent constant temperatures: A, Duration of the egg stage; 
B, rate of embryonic development. 


TABLE 1. Duration of the egg stage of the beet leaf- 
hopper at different constant temperatures and 50% rela- 
tive humidity. 











Temperature Eggs Index rate of Thermal 

F.) observed Time required | development increment 

Number Days Day-degrees 
105 121 6.37+ 0.06 15.70 299 
100 547 5.51+ .02 18.15 231 
95 1,258 5.63+ .01 17.76 208 
93 552 5.74+ .03 17.42 201 
92 532 5.77+ .04 17.33 196 
90 603 6.27+ .02 15.95 200 
Oes:..5 1,274 7 13.50 200 
80 511 9 + 10.83 202 
75 71 11.9% 8.38 202 
70 270 17 5.75 208 
65... 280 26.35+ 3.80 183 
60 a 32 43. 2.28 85 
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this range of temperature by a linear regression line. 
The values for the rate of development are indices 
equal to 100 divided by the time. The equation for 
the regression line, when fitted by the methed of least 
squares, is 100/D = —29.1171 + 0.5014 T, in which 
100/D is the rate of development and T is the tem- 
perature in Fahrenheit degrees. 

In Figure 3 the straight line is extended to the 
zero line of the time scale, and this intersection at 
58.07° F. indicates the threshold temperature where 
development theoretically ceases as the temperature 
is lowered. Actually the minimum temperature seems 
to be between 55° and 50°, but much of the value 
of the regression line data at higher temperatures de- 
pends on the point selected for zero development, as 
the thermal increments approach a constant value 


only when temperatures are measured from this 
level. 

This was shown by Krogh (51) from the linear 
relation, v = k.« between temperature (x) and the 


rate of development (v). Since the rate of develop- 
ment is expressed as the reciprocal of the time (v = 
l’y), the equation may be written, 1/y = k.x, or 
1/k = x.y, in which the product of time and tem- 
perature is a constant. In the same way the equation 
100/D = —29.1171 + 0.5014 T can be expressed as 
100/0.5014 = D(T — 29.1171/0.5014) or D(T — 
58.07) = 199 day-degrees. The product of the eal- 
culated duration (D) and temperature counted above 
58.07° F., or T — 58.07, gives the same number 
of day-degrees for any point on the regression curve. 

The thermal increments for the observed duration 
of the egg stage show that approximately the same 
number of day-degrees are required for embryonic 
development at different constant temperatures from 
about 65° to 95° F. (Table 1). At higher and 
lower temperatures the observed values deviate in 
opposite directions from the regression line (Fig. 3) 
and the thermal increments (Table 1) show cor- 
responding departures from the caleulated thermal 
constant of 199 day-degrees. 

The duration of the nymphal stage of development 
at different constant temperatures is given in Table 2. 
Time-temperature relations for the nymphal period 
and the relative effect of different temperatures on 
the rate of development are illustrated in Figure 4. 

The regression lines in Figure 4 have the equations 
100/D = —13.2290 + 0.2255 T, and 100/D = 
—12.8095 + 0.2180 7, for males and females, re- 
spectively. In the time-temperature form the equa- 
tions become D(T — 58.67) = 443 day-degrees and 
D(T — 58.76) = 459 day-degrees, respectively. Males 
complete the nymphal stage in about 3.5 percent less 
time than is required by the females. The regression 
equations for averages of the values for both sexes 
are 100/D = 12.9897 + 0.2214 T, and D(T — 
58.67) = 452 day-degrees. 


Approximately the same number of day-degrees 
(Table 2) are required for nymphal development at 
different constant temperatures from 65° to 93° F. 
The observed values for rates of development at 
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Fic. 4. Development of the beet leafhopper at dif- 


ferent constant temperatures: A, Duration of the nym- 
phal stage; B, rates of the nymphal development. 


higher and lower temperatures deviate in opposite 
directions from the regression line (Fig. 4) and the 
thermal increments (Table 2) show corresponding de- 
partures from the caleulated thermal constant of 452 
day-degrees. 

The thermal requirements for development from 
egg to adult, therefore, include 452 day-degrees above 
58.67° F. for the nymphal stage plus 199 day-degrees 
above 58.07° for the egg stage, or a total of about 
650 day-degrees. In round numbers these may be 
considered as 450, 200, and 650 day-degrees, re- 
spectively. 

Embryonic periods of 6.05+.02, 12.49+.04, 
17.09+.13 and 25.99+.11 days at 90°, 75°, 70°, and 
65° F., respectively, for eggs of light colored adults 
collected during the summer do not show any marked 
differences from those just discussed and probably 
indicate that the thermal increments for development 
do not differ in progeny of the different seasonal 
color forms. Duration of the developmental stages 
of progeny of overwintered females collected from 
several of the Western States was also about the 
same when compared at the same time at 90° and 
50% relative humidity. The embryonic periods were 
6.31+.02, 6.41+.02, 6.41+.03, and 6.27+.02 days for 
progeny of adults from California, Colorado, Ari- 
zona, and Idaho, respectively, and the nymphal stage 
in the same order required 14.27+.11, 14.58+.12, 
14.63.11, and 14.50+.07 days. 

Nymphs of the beet leafhopper were observed to 
molt five times when confined singly in small cages, 
and measurements of nymphs in different stages of 
development also indicate that there are five instars 
which may be reliably distinguished by the width of 
the head capsule. The weight prior to the final molt 
inereases with lower temperatures and the nymphs 
are definitely larger, but frequency distributions of 
the head width of nymphs reared at 100° and 75° F. 
did not merge or indicate that there would be any 
overlapping of the measurements of successive stages 
developed at different temperatures. Averages of 
the head width in successive instars at the two tem- 
peratures are shown in Table 3. The ratio of increase 
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TABLE 2. Time required for the development of nymphs of the beet leafhopper at different constant temperatures 
and 50% relative humidity. 





INDEX RATE OF 








Temperature Insects REARED Time REQUIRED DEVELOMPENT THERMAL INCREMENT 
‘ee ee ee er ee eT snbaenceoteanlate 
Males | Females Males | Females Males Females Males Females 
| Number | Number Days | Days | Day-degrees | Day-degrees 
eee 210 | 193 15.59+0.17 | 17.03+0.19 6.41 5.87 | 722 788 
ee eee 288 256 13.23+ .11 | 4.442 .1 7.56 6.93 5A7 596 
he eer 245 241 12.96+ .10 13.63+ .11 7.42 7.34 471 494 
eee 325 316 =| 13.02+ .10 16.742 31 7.68 7.28 447 471 
_ SER ir Se 307 285 13.14+ .08 13.52+ .08 7.61 7.40 438 450 
SE oe 209 | 214 14.32+ .10 14.67+ .10 6.98 6.82 449 458 
REE the te 280 | 244 17.10+ .11 17.68+ .12 5.85 5.66 450 464 
ee eee 164 | 149 20.07+ .12 20.89+ .15 4.98 4.79 428 444 
Se 228 235 26.69+ .19 28.28+ .16 3.75 3.54 436 460 
ESP eee! 171 165 40.44+ .24 41.17+ .25 2.47 2.43 | 458 463 
ee ede 53 33 70.91+ .53 75.42+ .81 1.41 1.33 449 471 


in head width seems fairly constant in accordance 
with the principle of Dyar (21) as is shown by com- 
parison of the observed means with the correspond- 
ing values calculated by least squares. Estimated by 
least squares, the average increase in width of the 
head capsule is 26 to 27 percent in successive instars. 
Other studies (Harries & Henderson 37) show that 
the head width of successive instars increases about 
25 pereent but only about 5.5 percent from the fifth 
instar to the adult. 











The average 
cessive instars, 


weight approximately doubles in suc- 
and at the end of the nymphal stage it 
is more than twenty times that at hatching. The daily 
increase in weight at 90° F. and 50% relative humidity 
is shown in Table 5. These data, illustrated in Fig- 
ure 5A, define a typical sigmoid eurve of growth in 
which the daily increment or rate of growth in- 
creases with increased weight of the insect during the 
major portion of the stage and then deelines as the 
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TABLE 3. Average width, in millimeters, of the head —T : ‘ : 26s 
capsule of successive instars of the beet leafhopper = 3“F ‘ : ; a 
reared at 100° and 75° F. and 50% relative humidity. = g"F 1 ; Pi 

a) ‘ ‘ ' , 
© 6k ‘ - : Pe ‘ 
_ sae ie 3 : i 
100° F. 75° F. zo : = ad 
Poets = = es as ; “ 
Instar ri ‘ ; wot 
Observed Calculated Observed Calculated zr H , ie : 
Tn CL SELENE AEN i nis gah FN ee, Race ee ee § ' fiat? ; 
1 0.32640.001 | 0.331 0.328+.0.004 | 0.333 © in ct 
2 : 422+ .005 -420 428+ .005 -420 2 tof ' : 
Ress 544+ .006 532 532+ .005 529 5 + La 
4 678+ .006 .673 6674 .005 667 ot = =6B OL 
5 Se its .838+ .005 853 .836+ .009 841 ad : 
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Average durations of the different nymphal instars i 
at 90° F. and 50% relative humidity are shown in + : ' 
Table 4. As noted by Carter (14), the first and last a : 
instars are of longer duration than are the inter- > ' ! 
mediate stadia. eT / 
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TABLE 4. Average duration of the different stadia of . J 
the beet leafhopper in laboratory rearings at 90° F. and $4 ' 
50% relative humidity. z ; : 
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Nymphs Average + a af : 

Stadium observed duration ' ; ' 
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ae 45 3.38+ 0.10 T eee a ‘ : : 
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fs, 28 3.76+ .20 Fig. 5., Nymphs of the beet leafhopper during develop- 


ment at 


90° 


F. 


and 50 percent relative humidity: 


Average daily weight; B, logarithms of weights. 


A, 








32 


adult stage is approached. 
weights are plotted against 


When logarithms of the 

time to illustrate the 
ratio of increase in weight during the nvymphal stage, 
the growth curve appears to consist of 5 linear seg- 
ments of different slope, indicating that growth oceurs 
at different rates in successive periods which evi- 
dently correspond to the different instars (Fig. 5B). 
Weight of the nymphal and adult stages was observed 
and recorded by weighing lots of 50 nymphs or 10 
adults at about the same hour each day. Similar 
S-shaped curves were shown by Brindley (10) for 
larval growth of the Mediterranean flour moth 
(Ephestia kiihniella Zell.) and the confused flour 
beetle (Tribolium confusum Duv.) at a constant tem- 
perature. 





TasB_e 5. Daily increase in weight of the beet leaf- 
hopper, nymph to adult stage, at 90° F. and 50% rela- 
tive humidity. 

Individuals Average Growth 

Age weighed weight ratio 

Days | Number Mg. | 
| re 300 | 0.043 ere 
ae 350 053 1.23 
- See 400 -067 1.26 
_ SEER rey 400 -084 | 1.25 
coda: bcharl 400 126 | 1.50 
De Sicsiewia ss 500 -168 | 1.33 
\ Sees 450 -198 1.18 
ee Series 400 209 1.41 
Derr Se 500 335 1.20 
ee 550 -448 1.34 
. Sa 650 -592 1.32 
_ nme 500 680 1.15 
eee ee 550 835 1.23 
14.5} 260 994 1.19 


In adult stage. 


Temperature coefficients 


Although it seems doubtful that there is any funda- 
mental basis for relating simple equations to physio- 
logical processes that may be the resultant of many 
reactions, both chemical and physical, such expres- 
sions are often of considerable interest because of 
their general descriptive value. Effects of temper- 
ature show many contrasts in the descriptive value 
and theoretical significance of different analytical ex- 
pressions. In general, many of the data define curves 
of increasing slope in which the rate of activity ap- 
pears to be some type of exponential function of tem- 
perature (20, 26, 33, 34, 40, 46, 51, 65, 74, 75, 84, 92) 
while other results indicate that the rate of activity 
is closely proportional to temperature as would be de- 
scribed by a straight line (9, 34, 51, 56, 68, 78, 85, 
93). 

In Figures 6 and 7 data on duration of the egg 
and nymphal stages are related to different expres- 
sions 


advanced by Krogh (51), van’t Hoff (43), 
Arrhenius (3), and Belehradek (7). The data are 


plotted according to graphs of the equations in linear 
form, and the extent of agreement is shown by the 


F. H. Harries AnD J. R. Dovauass 


Ecological Monographs 

Vol. 18, No. 1 
approach of the values to lines of best fit calculated 
by the method of least squares. 

A quantitative expression of the idea that com- 
pletion of a definite period of development requires 
a definite amount of heat expressed in temperature 
summations was presented by Sanderson & Peairs 
(78) in 1913. In 1914 Krogh (52) and Blunek (9) 
deseribed the same relationship, which is often re- 
ferred to as Blunck’s or, more commonly, as Krogh’s 
law. According to this principle, as expressed by 
Krogh’s formula (Vijg = Vt + Kig), the inerease 
in rate of development is proportional to the rise in 
temperature. Close agreement of data on the egg 
and nymphal stages with the Krogh equation was dis- 
cussed previously as a basis for summing temper- 
atures, but is illustrated in Figures 6 and 7 for 
comparison with that of other analytical expressions. 
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Fig. 6. Data on duration of egg stage of the beet 
leafhopper at different temperatures plotted with ref- 
erence to the analytical expressions of A, Krogh; B, 
van’t Hoff; C, Arrhenius; and D, Belehradek. 


LOG TEMPERATURE “F 


According to the equation of van’t Hoff, the rate 
of activity is a simple exponential function of tem- 
perature in which the ratio of increase in rate is 
constant and is expressed as Q,,, or in terms of a 
difference of 10 Centigrade degrees in temperature. 
The logarithm of rate is therefore proportional to 
the temperature in the linear form of the equation. 
When the data are plotted in this way in Figures 6, 
B, and 7, B, for the egg and nymphal stages, 
respectively, the distribution of points does not ap- 
proach linearity for any appreciable range in tem- 
perature and from the curvilinear trend of the values 
relative to the calculated lines it is evident that Q,o 
decreases progressively with higher temperatures and 
cannot therefore be a constant for the processes. 

The equation of 


Arrhenius associating rate of 


chemical reactions with temperature has also been 
widely used in deseribing the effect of temperature 
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on biological processes. In the linear form of the 
equation the logarithm of rate is proportional to the 
reciprocal of the absolute temperature. Figures 6, C, 
and 7, C, show that the data are not in agreement with 
the formula for any appreciable range in temperature. 

Belehradek (7) has related the effeet of temper- 
ature on certain biological processes to an influence 
of protoplasmic viscosity on rates of at 
different b 


diffusion 
temperatures, by the formula y ala 
where y is time, w is Centigrade temperature, and a 
and b are constants. 


In this equation the logarithm 
of time is proportional to the logarithm of temper- 
ature in the linear form, log y = log a — b log «x. 
In some instances as was pointed out by Belehradek, 
agreement of data with the equation sometimes de- 
pends on a correction made by counting temperatures 
above the biological minimum for the process instead 
of zero Centigrade. In such eases where the temper- 
ature scale is so adjusted, the rate of activity (1/y) 
becomes more proportional to temperature as the 
value of the constant b approaches one, and when b 
equals one the equation becomes identical with that of 
Krogh (Belehradek 7). In fitting the present data 
there was no substantial agreement with the equation 
until temperatures were counted from levels consider- 
ably above zero Centigrade. The best agreement 
seems to be obtained when b approaches a value of 
one in counting temperatures above 58° F. or near 
the theoretical developmental zeros indicated by inter- 
section of the regression lines with the temperature 
axis in Figures 6A, and 7A. The close agreement 
shown in Figures 6D, and 7 D may therefore be only 
incidental, because the rate of development is closely 
proportional to temperature, but Belehradek (7) sug- 
gested that the Krogh expression is a special case of 
the more general equation relating physiological proe- 
esses to temperature. 
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beet leafhopper at different temperatures plotted with 
reference to the analytical expressions of A, Krogh; V, 
van’t Hoff; C, Arrhenius; and D, Belehradek. 


THE Beet LEAFHOPPER a3 
Effects of alternating temperatures 

Duration of the embryonic period under alternat- 
ing high and lower temperatures is given in Table 6, 
together with the theoretical time that should be 
required on the basis of data shown in Table 1 for 
full-time development at each of the two temperatures. 
The time theoretically necessary for development in 
alternate exposures to two different temperatures was 
computed as follows: Sinee the egg stage was com- 
pleted in 5.51 days at 100° F. and in 6.27 days at 
90°, the sum of the percentages, 12/24 x 100/5.51 
plus 12/24 100/6.27, for alternate exposures of 12 
hours daily at each temperature represent 17.05 per- 
cent of the developmental time per day and the the- 
oretical time necessary for development is, therefore, 
100/17.05, or 5.86 days. 

Comparison of the observed and calculated values 
shows that the egg stage was generally completed 
in less time than that theoretically necessary, or that 
development was relatively faster under alternating 
temperatures than at thermally equivalent constant 
temperatures. The amount of acceleration averages 
about 5 percent under the different conditions, but 
appears to be influenced by the temperatures involved, 
since a marked trend is shown toward greater 
eration as the range between the higher and 
temperatures increased. 

Data duration of the nymphal stage under 
alternating temperatures are shown in Table 7, to- 
gether with the time theoretically required for devel- 
opment on the basis of results obtained at constant 
temperatures (Table 2), computed as previously de- 
scribed for similar data on the egg stage. Nymphal 
development was also completed in less than the ex- 
pected time, with an average acceleration of about 
5 percent apparently resulting from the alternate 
changes in temperature. 

Reference to Figures 3 and 4 or Tables 1 and 2 
shows that temperatures between 95° and 100° F. 
are relatively noneffeective and should not be ineluded 
in the summation. The inhibitory effect of still higher 
temperatures must also be taken into account when 
appreciable accumulations occur above 100°, and in 
this case the summation may be roughly adjusted by 
subtracting the number of 


aceel- 
lower 


on 


day-degrees above 100 
from the effective total summed between 58° and 95°. 
This adjustment for the higher temperatures, in the 
example of data on the effects of constant and alter- 
nating temperatures in Tables 1, 2, 6, and 7, brings 
the values much nearer the respective constants of 
200 and 452 day-degrees for the egg and nymphal 
stages as is shown by the following summations: 


EGG STAGE NYMPHAL STAGE 

ws Day-degrees oF. Day-degrees 

105 203 105 511 

100 203 100 503 
100-90 200 100-95 442 
100-85 196 100-80 440 
100-65 188 100-75 451 
100-40 187 
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TABLE 6. 


at all other temperatures. 
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the calculated time based on constant-temperature values. . 
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constant temperatures, together with 
Relative humidity was about 95% at 40° F. and 50% 


12 Hours Datty at Each TEMPERATURE 





Alternating Eggs Time Calculated | Thermal 
Temperatures ( °F.) observed required time Deviation increment 
Number Days Days Percent Day-degrees 
100 and 90.. 320 5.82+0.02 5.86 — .68 215 
100 and 85.. 294 6.13+ .02 6.32 —3.01 211 
100 and 65... 97 8.58+ .05 9.11 —5.82 210 
100 and 40.. 90 10.13+ .02 11.02 —8.08 212 
95 and 90. 212 5.70+ .02 | 5.93 —3.88 196 
95 and 85.. 514 6.14+ .02 | 6.40 —4.06 196 
92 and 80. 249 6.69+ .03 | 7.10 —5.77 187 
92 and 65.. 436 8.93+ .02 9.47 —5.70 182 
93 and 40... S49 10.67+ .01 11.48 —7.06 186 
90 and 85.. 356 6.54+ .02 6.79 —3.68 192 
90 and 70... 427 8.74+ .02 9.22 —5.21 192 
90 and 65.. 429 9.538+ .03 | 10.13 —5.92 185 
90 and 60.. 267 10.12+ .03 | 10.97 —7.75 171 
85 and 75.. 247 9.21+ .03 | 9.14 + .@7 202 
85 and 70.. 113 10.01+ .03 | 10.39 | —3.66 194 
85 and 65.. 234 10.93+ .04 | 11.56 —5.45 185 
80 and 75 353 9.884 .02 | 10.41 | —5.09 192 
| | 
8 Hours Dairy at High TEMPERATURE AND 16 Hours Datity at Low TEMPERATURE 
SO and 60...... 231 19.06+ .07 19.49 —2.21 164 
90 and 60.. 52 13.42+ .07 14.63 —8.27 160 
90 and 50 150 16.15+ .05 18.81 —14.14 172 


TABLE 7. Duration of the nymphal stage or the beet 
when held for 12 hours daily at each temperature. 
temperatures. 


Relative humidity was about 95% 


leafhopper at different alternating constant temperatures 
% at 40° and 50% at all other 





INSECTS TIME CALCULATED THERMAL 
Temperature REARED REQUIRED TIME DEVIATION INCREMENT 
Males Females Males Females | Males | Females! Males Females | Males | Females 
Day- Day- 
Number Number Lays Days Days Days Percent | Percent | degrees | degrees 
100 and 95. 85 91 11.71+0.14 | 12.64+0.17 | 13.26 14.25 | —11.69 | —11.30 455 490 
100 and 85 101 113 13.0+ .15 | 14.56+ .14/ 14.91 15.90 | — 9.46 | — 8.438 457 491 
100 and 70 71 56 18.35+ .20 | 19.52+ .23 19.92 21.37 — 7.88 | — 8.66 4&3 512 
95 and 90. 73 SI 12.734 .15 | 13.524 .17 | 13.79 14.35 | — 7.69 | — 5.78 430 456 
95 and 85. . $2 74 13.28+ .10 | 14.044 .14/| 14.96 15.65 | —11.23 | —10.29 416 439 
95 and 70. 90 93 17.72+ .19 | 18.01+ .18 | 19.61 20.49  — 9.64  —12.10 422 428 
95 and 40 88 90 25.12+ .20 | 25.77+ .22 | 25.92 | 27.26 | — 3.69 | — 5.47 456 467 
93 and SO. . 178 194 15.714 .14 | 16.44+ .14 | 15.80 16.58 | — 0.57 | — .84 437 456 
92 and 75 165 152 16:80% <1 | 17.23% .11 | ¥¢.61 18.28 | — 4.60 | — 5.85 417 426 
93 and 65 161 131 19.99+ .12 | 20.85+ .18 | 22.03 | 23.20 | — 9.26 | —10.13 407 422 


| 
| 


Effects of time of exposure to different 
temperatures 

In the effects of alternating temperatures on em- 
bryonic development, a definite trend toward greater 
acceleration is shown as the range between the higher 
and lower temperatures increased (Table 6). Cook 
(15) has shown in studies of cutworm larvae that the 
effect of alternating temperatures is determined by 
the time of exposure to different temperatures as 
well as by the temperatures involved. In alternately 


subjecting the cutworm larvae to different temper- 
atures for various periods of exposure, Cook found 
that the amount of acceleration increased with greater 
differences in temperature within a range of 8° to 
32° C. and with shorter daily exposures of 8 and 4 
hours at the higher temperature. 

Data in Table 8 indicate that the percentage of 
embryonic development of the present species also 


increases with decrease in time of exposure from 20 
to 8 hours daily at the higher temperature. 


Further 
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studies of this phase of the effect of temperature on 
embryonic development of the beet leafhopper (35) 
have shown that in exposures of 4, 8, 12, 16, and 20 
hours daily at 90° F. alternating with exposures for 
the remainder of each 24-hour period at 80°, 70°, 
60°, or 50°, the percentage of acceleration increased 
with shorter exposures at the higher temperature and 
with greater differences between the higher and lower 
temperatures. Inasmuch as the daily period of higher 
temperatures tends to shorten with increase in the 
daily range of temperature occurring in the spring 
and fall, both factors of temperature and time of 
exposure would apparently act to the advantage of 
the species in permitting more development than 
would otherwise occur in the cooler seasons of the 
year. 


TABLE 8. Duration of the egg stage of the beet leaf- 
hopper under varying periods of exposure to high and 
low temperatures and 50% relative humidity at both 
temperatures. 





Hours or Exposure AT Time 
pS fees |. 7 
observed Deviation 
90° F. 65° F. Required Calculated 
Number Days Days Percent 
24 0 603 6.27+ 0.02 
20 a 395 7.39+ .03 7.18 +2.92 
16 8 170 8.25+ .03 8.40 —1.79 
12 12 229 9.67+ .03 10.13 —4.54 
8 16 149 12.11+ .05 12.74 —4.95 
4 20 54 16.44+ .12 17.17 —4.25 
0 24 280 26.35+ .06 


In other studies of differential effects of temper- 
ature on development of the beet leafhopper (36) a 
single change from a higher to a lower temperature 
resulted in completion of the egg and nymphal stages 
in a shorter time than could be expected. This effect 
evidently was not due to a direct stimulus, since a 
reverse change between the same two temperatures 
usually resulted in an inerease in the time required 
rather than a decrease. Apparently there are at least 
two different growth phases within the egg and nym- 
phal stages that are unequally affected by different 
temperatures, and these time differences indicate that 
the rate of development at a lower temperature is 
relatively less in the earlier part of the embryonic 
and nymphal periods and greater in the later por- 
tions, in comparison with the rates at a higher tem- 
perature, than is indicated by the average rates based 
on the time required for completion of the entire 
stages at each temperature. Therefore, the time nec- 
essary for development under alternating or variable 
temperatures cannot be computed accurately from 
durations of the entire stages at different constant 
temperatures. 

The relatively more rapid development at lower 
temperatures in the later nymphal stages apparently 
would enable more of the larger nymphs, which oceur 
abundantly late in the fall, to complete development 
than would otherwise reach the adult stage in which 
the insect passes the winter. 
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or 
or 


Effects of varying temperatures 
Except at temperature extremes, the egg and nym- 
phal stages have been shown to require the accumula- 
tion of approximately an equal number of effective 
day-degrees for development at any constant temper- 
ature, but the total effect of normally varying tem- 
peratures cannot be measured accurately on this basis 
because of the factor of acceleration shown in com- 
parisons of the relative effect of constant and alter- 
nating temperatures. The direct summing of effective 
temperatures in day-degrees must therefore be recog- 
nized as a method of approximation, since effects of 
differences in temperatures involved, in time of ex- 
posure to different temperatures, and in phases of 
development completed at different temperatures are 
too complex to be taken completely into account. 
Summations recorded with a thermograph under 
varying temperatures in a greenhouse insectary, dur- 
ing periods represented by the average duration of 
the egg and nymphal stages in groups of insects of 
the same age, are in fairly good agreement with the 
specified thermal constants. The area on the thermo- 
graph chart under the recorded line between 58° and 
95° F. was measured with a planimeter and com- 
puted in day-degrees. During these experiments the 
daily temperatures were generally fluctuating between 
55° and 90° and oceasionally between 50° and 100°. 
Results of successive tests, for egg and nymphal 
stages as compared with the respective constants of 
199 and 453 day-degrees, are shown as follows: 
EGG STAGE 
Insects reared 


NYMPHAL STAGE 
Insects reared 


per test Day-degrees per test Day-degrees 
860 198 184 413 
174 191 236 434 
153 219 181 41° 
244 455 
118 405 


The weighted average for tests on the egg stage 
falls very close to the thermal constant of 199 day- 
degrees, and that for the nymphal stage shows an 
acceleration of about 6 percent, which is a fairly com- 
mon deviation in previous results obtained under 
alternating temperatures. 

Effects of seasonal temperatures 

During 1934 and 1935 studies of seasonal develop- 
ment were carried on by sampling representative plots 
in the desert breeding areas. In the spring of 1934 
the plot was located near Wendell, Idaho, in a fairly 
uniform stand of flixweed. When drying of the mus- 
tard or spring host plants occurred, sampling was 
continued on another plot located in an adjacent stand 
of Russian-thistle, Salsola kali var. tenuifolia Tausch 
(Fig. 8). Hygrothermograph records were taken 
under an instrument shelter placed on the ground with 
the heat sensitive element elevated about 5 inches 
above the surface of the soil. Reeordings of tem- 
peratures between 58° and 95° F. were measured 


with a planimeter and computed in day-degrees for 
comparison with seasonal development of the leaf- 
Soil-surface temperatures and records of 


hopper. 
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Fig. 8. 
corners of the smaller plots. 


Second plot at Wendell, 


precipitation were also obtained during the progress 
of the studies. 

The spring of 1934 was excepiionally early, and 
the spring generation of leafhoppers matured much 
earlier than normally. Egg laying of the overwintered 
insects began early in Mareh. Nymphs of the spring 
generation had begun to appear when sampling was 
started on April 18. The light-colored adults of the 
spring generation began to appear about April 28, 
and the beginning of the migration or influx of these 
adults to the cultivated was noted about the 
same time. Standard-shade air temperatures recorded 
at the laboratory in Twin Falls, Idaho, during matura- 
tion of the spring generation in 1934 totaled only 
about one-half the necessary day-degrees between 58° 
and 95° F., but summation of soil-surface temper- 
atures were about equal to the required amount. 

During the spring, 
shade are evidently inadequate as a measure of the 
actual environment, since the day-degree summations 
up to the date of the spring movement rarely total 
more than one-half of the necessary amount for de- 
velopment through the egg and nymphal stages. In 
this season of the year the insects seem especially 


areas 


temperatures recorded in the 


subject to soil-surface temperatures, which generally 
range much higher than air temperatures and are 
more than sufficient to account for the seasonal de- 
velopment observed. The host plants are usually 
very short during the egg and early nymphal stages 
in the spring, and on cold days, and sometimes when 
air temperatures are near or below the minimum 
for development, nymphs are observed to obtain much 
higher temperatures exposed to full sunlight on the 
plants or barren areas of soil. 

Adults of the spring 
merous about May 15. 


generation most nu- 


and nymphs of the 


were 


, 
{eos 
od 


Idaho, showing stand 


of Russian-thistle and subdivision by stakes placed at the 


second generation were most abundant about May 20 
and June 4, respectively, and between these dates the 
accumulation of effective temperatures at 5 inches 
above the ground was approximately equal to the 
required sum of 200 day-degrees for duration of the 
ege stage. Adults of the second generation were 
approaching maximum abundance by the middle of 
July and the required sum of effective temperatures, 
or about 450 day-degrees, was accumulated between 
June 6 and July 11. 

There was considerable overlapping of the second 
and third generations, but the presence of a third 
generation of the season was clearly indicated by the 
abundance of eggs and small nymphs in the last half 
of July following maturation of the second generation 
adults. Nymphs of the third generation were most 
abundant about the end of July, following aceumula- 
tion of the necessary increment of 200 day-degrees 
for the ege stage during the last half of the month, 
and reached the adult stage late in August and early 
in September, after approximately the required sum 
of 450 day-degrees for nymphal development had been 
recorded during August. 

During maturation of the second generation from 
about May 15 to July 15, and the third generation 


between July 15 and August 31, there was a slight 
excess of recorded temperatures that would about 


account for preoviposition development of the second 
generation, but otherwise the progress of seasonal 
development seemed to check at least as closely with 
the recorded thermal increments as the peaks of abun- 
dance could be determined in estimating the average 
duration of the stages. 

Temperatures accumulated after the end of August, 
when the third generation matured, were sufficient for 
a partial fourth generation. However, owing to the 
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early spring and the effects of extreme drought and 
higher-than-normal temperatures during the summer, 
the Russian-thistle was maturing and drying prema- 
turely during September, and the appearance of eggs 
and nymphs of a fourth generation on the plot was 
apparently prevented by of 
the host plants. 

The population studies were continued during 1935 
on a plot near Berger, Idaho, where there was a fairly 


unfavorable condition 


uniform stand of spring host plants, mostly flixweed, 
and a sufficient admixture of Russian-thistle for plant 
succession to carry the leafhoppers through the sea- 
son. In this year spring development of the leaf- 
hopper was about 2 weeks later than usual, but tem- 
peratures during the remainder ot the summer were 
about normal. 

Oviposition of the overwintered 
gan during the first part of May, and the eggs were 
most numerous about May 20. Nymphs began to 
appear about May 10 and were most abundant around 
the first of June. Adults of the spring generation 
were first noted about June 5, when the movement 
began, and reached a maximum toward the middle of 
June. As in the preceding year, the first nymphs of 
the spring generation matured well before the neces- 
sary accumulation of effective air temperatures had 
been recorded, but records of soil-surface temperatures 
exceeded the required summation during the same 


adults in 1935 be- 


period. 
Insufficient data were obtained on the occurrence 
of eggs during the remainder of the season, but 


nymphs of the second generation began to appear 
early in July and were most abundant toward the 
end of the month. Maturation of the second genera- 
tion was delayed by lower than normal temperature 
accumulations during the first half of July. Inere- 
ments of temperature recorded between peaks of 
abundance of nymphs of the first and second genera- 
tions on about June 1 and August 1, respectively, 
were near the estimated amount for a 
generation. Apparently the peak of abundance of 
the second-generation adults came about September 1, 
or after the accumulation of approximately 450 day- 
degrees during August. 

Nymphs of the third generation appeared during 
the latter half of August and were reaching maximum 
abundance about the middle of September, or when 
about 200 day-degrees necessary for development in 
the egg stage had been accumulated following the 
peak of abundance of the second generation adults. 
Adults of the third generation began appearing in 
late September and were becoming most abundant in 
October during colder weather. Only about two- 
thirds of the necessary temperature accumulation for 
maturation of nymphs of the last generation was 
recorded after September 1. Many larger nymphs 
were present with the advent of colder weather, but 
many or most of these seemed to complete develop- 
ment with the aid of higher soil-surface temperatures. 


necessary 


In 1935 population samples were also taken in beet 
fields at weekly intervals during the season. The 
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movement of leafhoppers of the spring generation to 
beet fields began about June 5, when the first inseets 
were reaching the adult stage in the desert. The 
number of adults reaching the beet fields increased 
slowly at first and then more rapidly to about June 
25 and the increase coincided generally with the 
progress of maturation of the spring generation in the 
desert breeding areas. 
tests indicated 
within 2 


Ovarian dissections and cage 
that the leafhoppers began ovipositing 
days after arriving in the beet fields. 
Nymphs were abundant in the latter part of July. 
Adults of this generation produced in the beet fields 
reached a peak of abundance in late August and early 
September, as the corresponding second generation 
of the season was maturing on wild host plants in 
the desert Only one complete generation of 
leafhoppers developed in beet fields during the sea- 
son, and few if any adults of another generation 
uppeared before harvest of the beets in October. 

Considerably greater accumulations of effective tem- 
peratures for development are cbtained in the actual 
environment than are recorded between 58° F. and 
95° by the standard shade thermograph (5 feet above 
the ground). Also, temperatures at different levels 
above the ground are apparently not closely enough 
correlated to establish an accurate basis for summing 
standard-shade temperatures for this purpose. Com- 
parisons of standard-shade temperatures, accumulated 
above 40°, 45°, 50°, and 55° on the thermograph 
charts, indicate, however, that such temperatures 
should be summed above levels of 45° to 50° to 
correspond most closely with those near the ground 
or between 58° and 95° in the actual environment 
of the insect. 


or 3 


areas. 


Summations of standard shade temperatures be- 
tween 50° and 90° F. at Twin Falls, Idaho, from 
thermograph records available since 1926 have given 
the following seasonal accumulations: 


Year Day-degrees Year Day-degrees 
1906 2 ke se ROS Re . 2,400 
i ee ee . 2,600 
1088. ws tee oo BOD GRE . 3,300 
$009. ww se ws os BOO 60S . 2,600 
ee: 1936 . 2,700 
rr Mean . 2,664 
This method seems to underestimate the actual tem- 


peratures during the spring, according to dates of the 
maturation and movement of adults of the first gen- 
eration to the cultivated areas, but tends to overesti- 
mate the effective seasonal totals as compared with 
those taken near the ground in 1934 and 1935 during 
sampling studies of seasonal development on the 
desert plots. 

The 1l-vear average of 2,664 day-degrees is about 
equal to the estimated sum required for three genera- 
tions, including preovipositional development of the 
first and second generations, and is nearly the same 
as that shown above for 1935, when maturation of 
the third generation seemed fairly complete. The 


seasonal accumulations thus seem to check fairly well 
with field observations that there are 3 generations 
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annually in southern Idaho, the last generation some- 
times maturing late in the season and perhaps limited 
by a deficiency of annual temperatures. 

The beet leafhopper was reared through several 
successive generations in the green house and appar- 
ently will continue to reproduce indefinitely under 
favorable temperature conditions. The number of 
generations occurring annually appears, therefore, to 
be determined by the seasonal temperature accumula- 
tions in the different areas of distribution. As many 
as 15 to 16 developmental cycles, through the egg, 
nymphal, and preovipositional stages, would be pos- 
sible annually under experimental conditions of about 
95° F., but since the relatively long oviposition period 
permits some of the earlier progeny to mature before 
the last eggs are deposited, the minimum would seem 
to be about 8 and the average number of eyeles about 
12. Since considerably more than half of the eggs are 
deposited during the first half of the oviposition pe- 
riod, an average of about 12 cycles seems to be a 
conservative estimate of the number of complete gen- 
erations possible annually under the most favorable 
experimental conditions for rapid development. Ap- 
parently, temperatures in the hotter areas of the 
Southwestern States would produce 6 to 8 complete 
generations annually, although their identity is lost 
later in the season because of overlapping or fusion 
of the succeeding generations. 


Effect of Temperature on the Time of Migration 


The first influx of beet leafhoppers to the cultivated 
area has generally been considered as marking the 
date of migration. The major part of the movement 
usually oceurs considerably later, and its progress c¢o- 
incides generally with maturation of the spring gen- 
eration. The movement increases slowly at first and 
then more rapidly, and reaches a peak usually 1 to 3 
weeks later, depending on weather conditions, chiefly 
temperature affecting the rate of maturation of the 
inseets in the contributing breeding areas. 

From the time egg laying begins in the spring the 
leafhopper requires an accumulation of about 650 
day-degrees between 58° and 95° F. to reach the 
adult stage. The major portion of the movement 
cannot occur much before this total is obtained. The 
thermal constant of 650 day-degrees is based on mean 
durations of the egg and nymphal stages in groups 
of the same age, and when development occurs at 
different constant temperatures. Because of the accel- 
erative effect of varying temperatures, and difference 
in the minimum and average times for development 
under the same conditions, the beginning of the 
movement could be expected somewhat in advance of 
the date indicated by the specified thermal increment 
necessary for maturation of the spring generation. 
Frequency distributions of durations of the stages 
under the same conditions show that the minimum is 
uniformly about 15% less than the mean, regardless 
of temperature. Estimating the acceleration at from 
5 to 10% on the basis of data on development at 
alternating temperatures, and under varying temper- 
atures in the insectary, the total reduction of 20 to 
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25% would correspond to trom 75 to 80% of the 
normal temperature increment, or about 490 to 520 
day-degrees. 

Comparison of the observed migration dates and 
soil-surface temperatures at Twin Falls for the years 
1927-34, for which complete records are available, 
shows an average accumulation of about 513 day- 
degrees above 58° and below 95° F., after Mareh 1 
and preceding the beginning of the movements (Table 
9). In comparison with standard shade temperatures 
measured in the same way for the years 1927-36, the 
migrations always began considerably before the 
amount necessary for development to the adult stage 
had been recorded. This illustrates the inadequacy 
of standard shade temperatures as a measure of the 
actual environment of the insect especially during the 
spring when the host plants are very short. In this 
connection, Carter (14: 12; Tables 3, 4) has shown 
that soil-surface temperatures generally exceed those 
of standard shade throughout the year and that the 
maximum temperatures at 6 inches above the ground 
were consistently higher during the winter and spring 
months than those of the soil surface or at any other 
level. Also, during the spring on bright calm days 
when the heat of reflection is greater and less rapidly 
dissipated, the insects may be observed feeding, or 
resting on exposed areas of the soil, under favorable 
to optimum temperatures when standard shade tem- 
peratures are well below the minimum for develop- 
ment or even for physical activity. 

Evidently it is such increments of favorable tem- 
peratures that enable the insect to complete ovarian 
development during the winter months and thus the 
time when egg laying begins in the spring may be 
determined. When day-degrees of effective  soil- 
surface temperatures from different dates back to 
November 1 of the preceding year are included in the 
summation, the correlation between the observed migra- 
tion dates and the recorded temperatures is not 
improved (Table 9). 

Although the thermal requirements for develop- 
ment can be determined rather accurately under con- 
trolled conditions, the intraenvironmental differences 
in temperature make it difficult to correlate closely 
seasonal development with the available thermograph 
records. On the basis of correlation with the actual 
environmental temperatures, standard shade temper- 
atures summed above 45° F. are also compared in 
Table 9 with the observed dates of the initial migra- 
tions. This level seems near the appropriate base for 
summing standard shade temperatures since sums 
above 50° average about two-thirds of the necessary 
accumulation for maturation of the spring generation, 
and above 40° the required increment is exceeded by 
about the same amount. By including the day-degrees 
accumulated during the period December through 
February, the average deviation of the temperature 
summation from the 10-year mean’ is reduced from 
65 to 48 day-degrees, indicating only a slight improve- 
ment in the estimate of the mean. Inclusion of the 


data for November does not improve this estimate. 
By taking 670 day-degrees above 45° F. (Table 9) 
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TABLE 9. 
and below 95° 

areas. 


Summations of standard shade temperatures above 45° F. and of soil-surface temperatures above 58° 
from different dates to the time of the spring migration. of the beet leafhopper to the cultivated 


STANDARD SHADE TEMPERATURES ABOVE 45° F. 





Day-degrees of Temperature Counted from 





Year Migration date - ————$——$—$—$— rns Se OOO 
March 1 February 1 January | December 1! November 1! 
1927 | June 13... 703 707 | 709 717 778 
1928 | May 14.. 461 462 464 472 555 
1929 | June 9... 705 705 | 705 706 75 
1930 | May 24.... 580 621 622 678 732 
1931 | ee 648 650 650 650 695 
ES "Sea eee eee 765 765 | 765 766 $19 
1933 June 6..... 639 639 644 648 710 
1S3e | Apra2s........... 578 634 646 679 739 
Wea | June 5...........-. 672 676 676 677 777 
Woo | May 25. ...........0.c000% 704 707 707 707 708 
POON 665 sis 6 cision eases | 646 656 659 670 727 
Average deviation. ...........| 65 55 54 48 48 
Sort-SuRFACE TEMPERATURES ABOVE 58° aND BELow 95° F. 
1927 | ee ee ae ee 496 496 496 496 rae 
1928 | May 14...... 406 406 406 406 422 
1929 Jue 9...... 690 | 690 690 690 696 
1930 | May 24... 460 477 | 477 478 482 
1931 ge ie eee 631 631 631 631 653. 
1932 June 13..... 615 615 615 615 615 
1933 June 6.... 405 405 405 405 414 
1934 | April 28... 401 427 | 427 432 485 
Averag@e............ te 513 518 518 519 538 
Average deviation. .......... 99 95 95 95 100 


' Of the previous year. 


as the mean accumulation of standard-shade temper- 
atures to the date of migration, the correspondence 
between the dates when this total is attained and 
those of the observed migrations is represened by a 
correlation coefficient of 0.957, adjusted for the num- 
ber of cases. This agreement is illustrated in Figure 
9. In the present series of observations the standard 
error of estimate of 4.27 days was exceeded onee in 
the 10-year period (Fig. 9). This was in 1928, when 
the initial movement apparently began about 10 days 
before it could be expected according to the standard 
shade temperature records. 

Despite the high correlation coefficient, the initial 
movement cannot be anticipated reliably on the basis 
of standard shade temperatures. This seems to be 
due largely to the effect of sunlight or differences in 
the vertical temperature gradient above the ground 
in different years. At least this seems to account for 
much of the wide discrepancy in 1928, since soil- 
surface temperatures in this year were about equal 
to those in 1933 and 1934 and were exceeded only 
22% by those in 1927, when in standard shade tem- 
peratures the accumulation was 53 percent greater 
(Table 9). Carter (14, Table 7), in terms of re- 
corded area on the thermograph charts above 60° F. 
to the initial accumulation 
of 22.1 square inches in soil-surface temperatures 
through May 14, in 1928, or a deficiency of about 11% 


movements, shows an 


as compared with 24.9 
13, in 1927. 

According to the correlation coefficient, 0.957, about 
92% of the variation in the time of migration may 
be accounted for by the thermal accumulations dur- 
ing the spring. Since this leaves about 8% of the 


square inches through June 
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Fic. 9. Relation of estimated date determined from 
the standard shade temperature summations to the ob- 
served time of migration of the beet leafhopper. The 
dotted lines indicate the standard error of estimate of 
+ 4.27 days. 
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variation attributable to other faetors, including the 
unreliableness of standard shade temperatures as a 
measure of the actual environment, evidently temper- 
ature is the most important variable governing the 
time of migration. 

Spring temperatures are especially important, be- 
cause the extent of damage is determined by 
the time of occurrence as well as by the magnitude 
of the movement. This is beeause the plants are 
more susceptible to effects of the virus when infected 
in earlier growth. 


crop 


stages of 


Temperature accumulations at Twin Falls, Idaho, 
for weekly intervals during the different years of 
study by the laboratory have been illustrated in 
Figure 10 in comparison with a smoothed - curve 


approximately representing the mean summation of 
temperatures in successive weeks during the 12-year 
period. Serious curly top injury to sugar beets 
oceurred in 1926, 1928, 1930, 1931, and 1934, when 
the date of movement was advanced by greater than 
normal accumulation of effective temperatures for 
development of the spring generation of leafhoppers, 
as is shown by the blackened area above the curve 
preceding the average date of migration. Temper- 
ature deficiencies from the average increments are 
similarly illustrated by cross-hatched areas below the 
eurve. Good yields of sugar beets were obtained in 
1927, 1929, 1932, and 1935, when the spring temper- 
ature accumulations were below normal and the initial 
movements occurred after the average date. Since 
1935 newly developed strains of sugar beets resistant 
to eurly top have been planted and the yields have 
fluctuated much less widely in different vears. 
Effects of humidity 

Being inserted within the tissue of the plant, eggs 
of the beet leafhopper seem to be relatively inde- 
pendent of atmospheric moisture. As shown in Table 
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10, duration of the egg stage at different relative 
humidities and a constant temperature is about the 
same, and there is no regular order of variation that 
would indicate any effect of atmospheric moisture on 
the rate of development at 85°, 90°, and 100° F. 

The data very little difference in length of 
the nymphal stage for either males or females under 
eight different pereentages of relative humidity at 
92° F., but at 100° for both sexes the rate of devel- 
opment deereased as the relative humidity increased 
from 10 to 50 and to 90%. Under the distinetly 
unfavorable 90 percent relative humidity at 100°, 
where only 9 of 500 specimens completed the stage, 
there was a definite retardation in the rate of devel- 
opment. When the temperature was lowered to 70°, 
the stage lengthened for both males and females with 
an increase from 50 to 80% relative humidity. Only 
two conditions of relative humidity are compared in 
this case and the results are not very presumptive, 
but the time differences are statistically significant 
for both sexes. 


show 


In general the development of insects seems to be 
more rapid at the higher relative humidities. The 
egg stages of Prodenia litura (F.) (Janiseh 47) and 
Microbracon hebetor (Say) (Maerecks 57); larval 
stages of the bean weevil (Acanthoscelides obtectus 
(Say)) (Menusan 62), Tribolium confusum Duv. 
(Holdaway 44), and Tineola bisselliella (Hum.) 
(Griswold & Crowell 28); and pupal stages of Win- 
themia quadripustulata F. (Hefley 39), Pyrausta 
nubilalis (Hbn.) (Caffrey & Worthley 13), A. ob- 
tectus (Say) (Menusan 62), and the yellow mealworm 
(Tenebrio molitor L.) (Payne 67) were observed to 
require less time for development in moist than in 
drier air at the same temperature. Wigglesworth 
(94) cites other examples of this and also some cases 
where the rate of development was retarded at very 
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weekly intervals, 

for each year. 


1926-1937, Twin Falls, Idaho: 
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Thermal summations in day-degrees of standard ae hngentinen above 50° and below 90° F. for 
A, Average date of migration for the 12 years; 
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Duration of the developmental stages of the beet leafhopper under different temperature and humid- 





EGG STAGE NYMPHAL STAGE 
Temperature Relative Reared Time required 
(°F.) humidity Time — —- —- —_—____—_— 
Reared required Males Females Males Females 
Q Number Days Number | Number Days Days 
10 Hy sex aSRe 179 173 13.98+6.11 14.08+0.10 
20 154 5.67 +0.04 ee. L ae 
100... 50 547 5.512 02 288 256 13.234 .11 14.44+ .11 
80 204 5.85+ .04 ; 
90 4 5 13.00+. 16.00+ 
{ 20 goer ere 300 300) | «:12.86+ .07 | 13.62+ .07 
+ ES es See 250 271 | 183.354 .10 | 13.83+ .09 
.. ee RE ois ee 370 334 13.02+ .07 13.68+ .08 
a en ee oem as cre IP A Rice eer ee 307 285 | 13.14+ .08 | 13.52+ .08 
a: GE Pee, Caeien tree eee 472 411 | 13.05+ .07 13.66+ .08 
A aa ee eee 170 170 | 13.394 .14 | 13.844 .15 
a ees Meee 218 1909 | 13.18+ .09 | 13.85+ .10 
ee. Sa See eee 161 130 «| 13.104 .15 | 13.52+ .18 
| } 
i( 30 | 405 | 6.50+ .03 Wore 
eer i 8 358 6.05+ .02 | B aioe nce: 
1} 60 264 | «6.37+ .03 | it Acar eer ect 
il 80 320 | 5.94+ .02 | ees 
| } 
; (30 105 | 7.56+ .05 | | oe 
S5 ) 50 599 7.544 .05 aera oe 
|) 50 | 1,274 | 7.414 .01 oe lentiniagtnat a secigk Cmte 
| 70 309 | 7.59+ .05 i? [eer aneonmD (eye eens, ont. 
| | 
ee ive ae 4 | | 171 165 | 40.444 .24 | 41.174 .25 
80 ines 36 40 | 43.53+ .54 | 45.05+ .49 


high humidities. Certain other insects, such as Toxop- 

tera graminum (Rond.) (Headlee 38), Heliothrips 

haemorrhoidalis (Bouché) (Rivnay 75), and onion 

thrips (Thrips tabaci Lind.) (MaeGill 60), appear to 

be quite independent of atmospheric humidity. 
Effects of light 

The egg stage was slightly longer in total darkness 
than under about 80 foot-candles of continuous illu- 
mination, but it was found that this difference evi- 
dently resulted from an inhibiting effect of darkness 
on emergence from the egg after embryonic develop- 
ment was completed. The emergence of leafhoppers 
completing embryonic development during the hours 
of darkness would thus tend to be delayed until 
stimulated by sunlight and rising temperatures in the 
morning, and the effect of light would evidently 
account for much of a diurnal rhythm in which most 
of the eggs were observed to hatch during the early 
morning and daytime. 

The eyes of the embryonic nymph in its later 
stages of development are to some extent exposed to 
light, inasmuch as they are readily discernible from 
the exterior of the plant. The poles of the egg, when 
in the oviduct, correspond in orientation with those 
ot the female in accordance with the law of Hallez 
(30), so that the cephalic end of the egg, being last 
to leave the ovipositor, is always less deeply em- 


or 
5? 


bedded and is ordinarily covered with only the rel- 


atively transparant cuticle of the 
to hatch. 

The effect of light on hatching was studied under 
controlled conditions by turning the lights off ‘and 
on at definite intervals and covering the windows in 
top of the cabinets with a blanket during periods of 
darkness. The results are illustrated in Figure 11 
by plotting the number hatching in two lots of eggs, 
held at 80° F., that were alternately exposed to dark- 
ness and an illumination of about 80 foot-candles. 
In both lots most of the eggs hatched while the lights 
were on regardless of whether this period occurred 
during the daytime or at night. 


plant when ready 


Effects of light factors were not critically or ex- 
tensively investigated, but the indications were that 
the rate of nymphal development is not influenced 
appreciably by differences in illumination or by ultra- 
violet radiation. In these tests temperature and 
humidity were held constant, and higher intensities 
of illumination could not be used because of the heat 
factor. A sun lamp suspended within the cabinets 
directly over the insect cages was used as the source 
of ultraviolet radiation. The cages were similar to 
those used in other experiments (Fig. 1) except that 
the tops were closed with cellophane. At the distance 


used, 30 inches, the lamp was rated at about one- 
third that of midday midsummer sunlight as a source 
of ultraviolet in the portion of the spectrum that is 
ordinarily biologically effective. 
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Fic. 11. Number of beet leafhopper eggs hatching in 


two lots during alternate intervals of illumination and 
darkness. 


At 92° F. and 50% relative humidity the duration 
of the nymphal stage under continuous exposure to 
ultraviolet radiation was 13.37 + 0.10 days for 251 
nymphs and under similar exposure to 80 foot-candles 
of illumination with no ultraviolet, 13.32 + 0.07 days 
for 592 nymphs. In another test at 90° and 50% rela- 
tive humidity, the nymphal stage was 15.16+0.15 
days in total darkness and 15.22+0.16 days under 
continuous lighting of about 40 foot-candles. The 
difference in time was not significant in either ease. 


Effect of host plants 


The beet leafhopper has been collected from a 
large number of plant species. Many of these serve 
only as temporary food plants, but, nevertheless, an 
imposing list of breeding host plants has been re- 
corded. The more important breeding plants include 
filaree, Erodium sp. (Geraniaceae) ; many species of 
saltbush, Atriplex spp.; Russian-thistle (Salsola 
pestifer A. Nels.); Bassia sp. (Chenopodiaceae) ; 
blistereresses, Erysimum spp.; peppergrasses, Lepi- 
dium spp.; and tansymustards, Descurainia spp. 
(Cruciferae). 

Haegele (29) listed tumbling orach (Atriplex rosea 
L.), Russian-thistle, Bassia hirsuta (L.) Aschers, 
tumblemustard (Sisymbrium altissimum L.), and 
green tansymustard (Descurainia pinnata (Fourn.) 
Howell subsp. filipes (Gray) Detling) as the principal 
host plants in Idaho. It was later emphasized by Car- 
ter (14) that the leafhopper requires a sequence of 
these plants in which Russian-thistle and tumbling 
orach are the principal summer and fall breeding 
plants, and the mustards S. parviflora (Lam.) Webb., 
D. pinnata subsp., filipes and Sisymbrium altissimum 
are the most important breeding hosts in the spring and 
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carrying-over hosts for the overwintering adults in 
the fall and winter. Similar conditions in northern 
Utah were reported by Knowlton (49) except that 
Erysimum repandum L., Lepidium perfoliatum L., 
and Erodium cicutarium (L.) L’Her. were listed as 
additional host species of importance in this region. 
Studies of the nutrition of insects have shown ‘that 
elementary food substances such as nitrogen or vita- 
mins may influence the rate of growth. Development 
of the boll weevil (Anthonomus grandis Boh.) was 
observed to be more rapid in young bolls than in old 
ones (Fenton & Dunnam 23) and to decline as the 
size of the boll increases (Isely 45). Isely suggested 
that the observed differences in growth rate may have 
been due to changes in the nitrogen content of the 
plant, as it was shown that the percentage of nitro- 
gen declined progressively from squares to large bolls. 
Peterson & Hauessler (70) observed that development 
of the oriental fruit moth (Grapholitha molesta 
(Buseck) ) was more rapid in peaches than in apples. 
The larval period of the Indian-meal moth (Plodia 
interpunctella (Hbn.)) was found to be shorter on 
figs than on prunes or raisins (Hamlin, Reed, and 
Phillips 32). Hodge’s experiments (42) on growth of 
the differential grasshopper (Melanoplus differentialis 
(Thos.)) have shown that the rate of development 
of this species was considerably more rapid on some 
food plants than on others. Seamans & MeMillan 
(81) reared the pale western cutworm (Agrotis or- 
thodonia Morr.) on wheat, oats, barley, rye, alfalfa, 
sugar beets, sweetclover, and several weed hosts. They 
showed that development was more rapid on the 
grains and alfalfa than on the weed host plants. 

Under experimental conditions considerable diffi- 
culty was experienced in maintaining weed host plants 
in good condition, and frequent transfers of the leaf- 
hoppers to fresh plants were necessary. Experi- 
mental factors evidently contributed to an excessively 
high mortality, and for this reason the results may 
not provide a fair comparison of the viability of 
nymphs on the different host plants employed. 

As shown in Table 11, the plant is evidently not 
an important factor in the duration of the egg stage, 
but the time required for development of nymphs 
varies considerably on different host plants. Many of 
these data do not show significant differences in the 
time required for development, but a trend toward 
slower growth is indicated on less favorable plants, 
where a high mortality was observed. 


Morvatity 


Effects of temperature and relative humidity 

Mortality in the egg stage was diffieult to determine 
since the eggs could not be counted at the beginning 
of the experiments, and at the termination of the 
tests hatched and unhatched eggs could not be re- 
liably distinguished by the technique used. An un- 
favorable effect of the temperature extremes of 105° 
and 65° F. was plainly indicated, however, by the 
number of nymphs that died with the heads pro- 
truding from the plant tissue. 
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TABLE 11. Duration of the egg and nymphal stages of the beet leafhopper on different host plants at 90° F. 
and 50% relative humidity. 





Eee | STAGE NYMPHAL STAGE 
Host Species Insects ‘Tee Saaiiiie:. Time 
observed required observed required 
Number Days Number Days 
Sugar beet, Beta vulgaris L.. . Badent ‘ = concep 603 6.27 +0.02 423 14.50+0.07 
Tumblemustard, Sisymbrium allissimum L. MP rene hee ote reer HY os | 202 6.35+ .03 | As IPE OL eae 
Red stem filaree, Ercdium cicutarium (L.) L’Her. ee em El ; 2 : shoe 14 15.00+ .58 
Russian-thistle, Salsola Rali var. teniufolia Tause Se ae oe 112 Goes ei ck. 6 eee ante 
Flixweed, Sophia parviflora (Lam.) Webb.......... Pe Te 485 6.29+ .02 35 15.63+ .20 
Blistercress, Erysimum bakeri (Greene) Rybd...................... Lee Meant Rie cl Se 19 16.00+ .25 
Wild lettuce, Lactuca serriola f. integrifolia Bogenh.............. a8 ae aera aoe 16 16.62+ .53 
Peppergrass, Lepidium alyssoides Gray... ..........0200 cece ee eeeee ey Bae Retort sees : 15 17.13% .6&2 


The nymphal mortality observed in studies of de- medium, and late periods of development, and nymphs 
velopment at different constant temperatures and of the first, third, and fifth or last instars were ex- 
50% relative humidity (Table 2) are meng in Figure posed for 1, 2, and 3 weeks at temperatures of 40° 


i, —, 
12A. The mortality ranged from about 25 to 39 per- and 50° F. and relative humidities of 30 and 80% at 
cent at moderate temperatures, but there were marked each temperature. Each experiment on eggs and 
increases at the more extreme Sone ratures. Tem- nymphs consisted of six tests on different dates. 


peratures in a range of about 75° to 93° F. seem most 
favorable, but large survivals at 95°, 100°, and 105° 
indicate considerable tolerance of high temperatures, 
which is consistent with the insect’s occurrence in 
abundance under high temperatures in the desert 
environment. It was observed that mortality in the 
nymphal stage at alternating constant temperatures 


Small potted sugar beet plants were used in studies 
of the egg stage, since flixweed,. the most common 
spring host plant, did not remain in good condition 
under the reduced illumination in the cabinets for the 
period of more than 4 weeks necessary to complete 
some of the tests. The groups of eggs were obtained 
by confining 5 ovipositing leafhoppers on different 
was affected little by sudden temperature changes of plants for 24 hours at 90° F. Plants containing these 
rather wide range. eggs were then assigned at random to the different 

In some years, in Idaho and other northern areas treatments. The nymphs, reared at 90° F., were con- 
of distribution, the standard shade temperature may fined in groups of 25 on flixweed plants and then 
fall below 50° F. for considerable periods in March assigned at random to the different treatments. 
and April during maturation of the spring genera- The analysis of variance of results for the egg 
tion. Such periods of cold, wet weather, which tage shows a significant difference in mortality of 
greatly retard development for 1, 2, and 3 weeks or the different periods of embryonic development, and 
more, appear to be unfavorable for survival of the 4 highly significant effect of time of exposure, mor- 
embryonic and nymphal stages. tality increasing with later stages of development and 
Tewpenaryas with longer periods of low temperatures. 


TEMPERATE. =] 










Analysis of variance of data on the nymphs shows 
— CONOITIONS a TREE TAFE oe ap highly significant effects of all three factors in which 
mortality inereases with lower temperature, longer 
exposure, and with earlier stages of development., 


Rc 





ty) 


ve MUMIDITY 


40 











: Fo") These effects are illustrated by the following averages 
ost 3 ed of data for the different treatment groups: 
2 zw oF Mortality 
oll 199 50 39.2 
is 40 53.2 

‘——__ o- : Difference required for significance 4.7 

Fic. 12. Mortality of beet leafhopper nymphs: A, a E 

Under different temperatures with a constant relative sivas 

humidity of 50 pereent; B, under different percentages exposure, weeks 

of relative humidity, but at a temperature of 92° F. . on 


om oO 
“oro 


Other experiments were conducted, in which three 


. 5 A : pare Difference required for significance 4.1 
periods of exposure to four different conditions of 
temperature and relative humidity were superimposed Instar 

, . First 79.4 
on three different stages of development in all com- Third 87.3 
: . > a ‘ an . ot. 
binations, giving 3 x 4 xX 3, or 36, different treat- Fifth 22.0 
ments. In these experiments the eggs in early, Difference required for significance 5.4 
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Highly significant interactions are also shown between 
temperature and stage of development, time of ex- 
posure and stage of development, and temperature 
and time of According to these effects, 
high nymphal mortality results from relatively shorter 
exposures with increasingly lower temperatures. 

Nymphal mortality increases with lower temper- 
atures and the time of exposure to cold, and both 
factors have relatively greater effect on the smaller 
nymphs. With in cold, shorter exposures 
have relatively greater effeet on nymphal mortality. 
Difference in relative humidity at these low temper- 
atures seems to have no appreciable effeet on nymphal 
mortality. 

An increased mortality in the egg stage was observed 
under conditions of high humidity in combination 
with high temperatures. At moderate temperatures 
differences in relative humidity had no appreciable 
effect. 

Differences in relative humidity at high temper- 
atures have a marked influence on mortality in the 
nymphal stage, however. The results ineluded in 
Table 12 show a progressive increase in mortality as 
the relative humidity increases from 20 to 90% at 
92° F., the correlation coefficient being +0.88. 
ilar results are shown by data obtained at higher and 
lower temperatures. Decidedly low relative humidity 
furnishes a_ well-defined optimum of atmospheric 
moisture. Higher percentages of saturation are espe- 
cially unfavorable at higher temperatures, and at 
100° a relative humidity of 90% is near the maximum 
permitting development through the nymphal siage. 
It seems probable that these effects result directly 
from humidity since no evidence of bacterial or 
fungous infection was observed. 

The present results show that relatively low humid- 
ities are most favorable, and in this respect the beet 
leafhopper differs from many other species that have 
been studied. Relatively high percentages of satura- 
tion were found to be more favorable for all stages 
of the bean weevil (Menusan 62); larvae of the boll 
weevil (Isely 45); all Trichogramma 
minutum (Riley) and eggs of Angoumois grain moth 
(Sitotroga cerealella (Oliv.)) (Lund 55); and larvae 
of the onion thrips (MacGill 60). Further data and 
conclusions, showing low humidities most favorable 
in the case of different insects or stages, may be 
found in papers by Peterson (69), Elwyn (22), 
Davies (18), Zwolfer (95), and Sweetman & Wede- 
meyer (389). 

The data on nymphal mortality in Table 12 have 
the same correlation with the saturation deficiency as 
with relative humidity, since these measures are in- 
versely proportional at the same temperature. The 
results, therefore, cannot be compared to any purpose 
with differences in saturation deficiency at the same 
Nymphal mortality at different temper- 
atures and the same relative humidity decreases from 
71 percent at 105° F. to about 30% in the range of 


exposure. 


increase 


Sim- 


stages of 


temperature. 


92° to 85°, and then increases with lower temper- 
atures, while the saturation deficiency decreases pro- 
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TABLE 12. Mortality of beet leafhopper nymphs under 
different relative humidities. 


PROGENY OF OVERWINTERING ADULTS 





Temperature telative 


ie 4 humidity Mortality 

c c- 

€ € 
20 14.29 
30 25.57 
40 29.60 
92 ) 60 29.94 
, 60 26.42 
70 { 32.00 
sO 54.67 
% 63.62 

100 10 41.33 
90 98 .20 

PROGENY OF SUMMER ADULTS 

{ 20 34.60 
DA sah cincakccnest ) 50 37.70 
60 58.60 

sO 61.10 


gressively from the highest temperature to the lowest 
(Fig. 12). It is evident, therefore, that the combined 
effects of temperature and humidity on nymphal mor- 
tality cannot be expressed in terms of the saturation 
deticieney. 


STUDIES OF THE ADULT 
COLORATION 

Coloration in the adult stage becomes generally 
darker as the temperatures at which the insects de- 
velop grade downward. At higher temperatures the 
color ranges from pale yellow at 105° F. to greenish 
yellow at 100°. Between 95° and 90° the adults are 
greenish or pale green, and darker areas begin to 
appear on the wings at 85° to 80°. Color forms 
having more and darker areas on the wings, vertex, 
and pronotum are produced at 80° to 75° and at 
lower temperatures. When reared at high, moderate, 
or lower temperatures, the insects show a gradation 
of color characteristic of the “summer, spring, and 
overwintering forms” in California as described by 
Severin (82). 

Adults of the spring brood in southern Idaho are 
generally greenish, but in some years they are often 
marked with darker areas on the wings and are diffi- 
cult to distinguish from the overwintered insects. 
During the warmest part of the summer many pale- 
green and some yellowish individuals are found which 
resemble those reared at the higher controlled tem- 
peratures. Insects that attain the winged stage dur- 
ing colder weather later in the season always bear 
the dark-colored markings that characterize the over- 
wintering form. 

Effects of temperature on coloration of the adult 
are determined in the last instar probably during 
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formation of the wings and hypodermis preceding the 
final molt. This evidently explains the sudden appear- 
ance, during cool periods in the spring, and following 
the first weather in the fall, of adults having 
dark wing markings. 


cool 


random variation in color 


markings of the nymphs, but those reared a. lower 


There is considerable 
temperatures are generally darker especially in the 
later stages of development. Nymphs hatching from 
eges incubated at 60° to 65° F. are grayish white in 
color, whereas those from eggs kept at moderate or 
higher temperatures are white. 

Coloration appears not to be affected within the 
adult stage as suggested by Ball (6), since no modi- 
fications in color were produced by the exposure of 
the darker overwintered adults to high temperatures 
or by subjecting the light-colored summer adults to 
Jow temperatures for prolonged periods. 

Darker adults could be expected in the field when 
the maximum temperatures drop below 80° F. for 
several] days in succession, but it is difficult to evaluate 
exact conditions of varying temperatures necessary to 
produce a distinet division into dark and light forms, 
because coloration is influenced by both the time of 
exposure and the degree of cold in relation to dif- 
ferent stages of nymphal development. This is also 
more complicated by the fact that the color forms in- 
tergrade and individual variation may 
under the same conditions. 


also oceur 

Coloration of the adult does not seem to be in- 
fluenced by any other factors, such as light, atmos- 
pheric moisture, sexual development, or age. 

The effect of temperature in color aberrations of 
Lepidoptera is well known, and Knight (48), Genieys 
(27), Schlottke (79), Parker (66), and Mareovitch & 
Stanley (59) have shown in other orders that low 


temperatures produce darker colored adults than 
higher temperatures. 
SIZE 
Some seasonal variation occurs in the size and 


weight of the adult leafhoppers. The lighter-colored 
adults produced during warmer weather are generally 
smaller than the darker adults of the overwintering 
generation that mature in the fall. Larger adults 
were also produced at lower temperatures under con- 
trolled conditions. Males are almost invariably 
smaller than females that develop at the same tem- 
peratures. This difference in weight between the 
sexes becomes more pronounced with ovarian matura- 
tion in the females. 

The average weights on the first day of the adult 
stage for males and females reared through the 
nymphal stage at different temperatures and 50% 
relative humidity are shown in Table 13. 

Other observations indicating that larger insects 
are produced at lower than at higher temperatures 
have been recorded by Standfuss (88), Dewitz (19), 
Schlottke (79), Titschack (90), Alpatov & Pearl 
(1), and Menusan (64). 
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TABLE 13. Average weight, at emergence, of adults 
of the beet leafhopper reared through the nymphal stage 





at different constant temperatures and 50% relative 
humidity. 
AVERAGE WEIGHT 
Temperature Males Females a | ne 
(°F.) Males Females 
Number Number Mg. Mg. 
ee... 70 70 0.794 1.069 
ee ; 130 130 841 1.146 
85. _ 100 8O .865 1.143 
Ms ase 100 100 891 1.196 
ae 120 130 .897 1.230 
O... . 100 100 .903 1.274 
Sex Ratio 
The sexes are about evenly divided in numbers, 


with perhaps a slight normal excess of males. The 
percentage of females was 48.5 in 12,199 adults reared 
in different experiments. No consistent effect of tem- 
perature or humidity on the sex ratio was noted. 

Marked differences in the proportion of male and 
female adults are usually observed in the field. Males 
require less time for development, and the majority 
ot the first adults to appear in the breeding areas are 
males. The females apparently have a greater tend- 
ency to move when reaching the adult stage, and in 
such areas the preponderance of males usually con- 
tinues, whereas in areas populated by dispersal move- 
ments the females usually occur in greater numbers. 
The greater mortality of males increases the sex ratio 
during the winter, and in southern Idaho almost all 
the overwintered leafhoppers are females. 

FERTILIZATION 

Fertilization seems to occur soon after the adult 
stage is reached and generally before avarian matura- 
tion. Copulation was observed on the first, second, 
and third days following emergence at 95° F. The 
mating of older insects was not observed. Females 
that emerged within a 24-hour period at 90° and that 
were segregated at the end of this period, laid fertile 
eggs. Repeated fertilizations are evidently not neces- 
sary, since different lots of females used as a souree 
of eggs and nymphs continued to produce fertile eggs 
throughout life. The observation of Severin (82) 
that the eggs of virgin females do not hatch was also 
verified. 

THE PREOVIPOSITION PERIOD 
Effects of temperature 

The length of the preoviposition period ranges 
from 5 to 6 days in midsummer to 6 or 7 months 
during the winter. With the lower 
temperatures in the fall there seems to be little, if any, 
preoviposition development of the darker overwinter- 
ing form appearing at this time. Development ap- 
pears to be suspended by the decreased temperatures 
in the fall and to be resumed following exposure to 
more extreme cold. This serves to delay oviposition 
over the winter until conditions permit survival and 


occurrence of 
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development of the next generation. This ovarian 
quiescence appears to be induced only by seasonal 
temperature changes in the fall, since both summer 
and overwintering forms always complete the pre- 
oviposition period rapidly under controlled conditions 
at temperatures above 90° F, 

Ovarian maturation, like embryonic and nymphal 
development, is most rapid at about 95° F. (Table 
14). Some leafhoppers of both forms complete 
ovarian maturation at decreased temperatures with- 
out exposure to extreme cold, but an inereasingly 
greater proportion of them seem unable to complete 
development as the temperature is lowered. As was 
deseribed by Carter (14: 4, 24), the rate of develop- 
ment does not follow the straight-line relationship and 
ovarian maturation cannot be correlated with ordinary 
temperature summations. 


TABLE 14. Duration of the preoviposition period of 
the beet leafhopper at different constant temperatures 
and 50% relative humidity. 


SUMMER FEMALES 





Temperature Time | Index rate of 

te.) | Females required development 
Number | Days 

| eee 25 5.32+0.28 | 18.80 

eer Se 4.664 .22 21.46 

. Sea 25 3.96+ .26 25.25 

_ See 15 S.08et .to | 25.84 

ES 24 | 5.00+ .23 | 20.60 

. eee 52 §.31+ .19 | 18.83 

eee 45 9.98+ .32 | 10.07 

ae ; 47 13.83+ .31 7.23 

ae 50 16.74+ .59 5.97 

. ee 29 25.07+ .50 3.99 


OVERWINTERING FEMALES 


See a 11 2.64+ 37.88 
«RGR 32 3.28+ 30.49 
2a 31 4.13+ 24.21 
ee — 17 5.06+ 19.76 
. See 12 8.50+ 11.76 
ee 1S 14.56+ 6.87 
__ ee 21 21.76+ 4.60 





Overwintering females that had been exposed to out- 
door temperatures during October, November, and 
December were able to complete ovarian development 
at constant temperatures of 60° and 65° F., whereas 
females of the summer form that had not been ex- 
posed to the outdoor temperatures were not able to 
complete development at these constant temperatures. 
At higher temperatures the preoviposition period for 
the overwintering form was shorter than for the sum- 
mer form, being only a third as long at 75° F. Ex- 
posure to cold was evidently a contributing factor, but 
it is probable that some ovarian development in the 
overwintering females had taken place before the 
exposure to constant temperatures. 


Durations of the preoviposition period in alternate 
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12-hour exposures to high and lower temperatures, 
with some comparisons of relative effects of constant 
and alternating temperatures on the rate of ovarian 
development, are shown in Table 13. The time the- 
oretically necessary for development in alternate ex- 
posures on the basis of results obtained at constant 
temperatures was computed as deseribed for data on 


the ege stage. 


TABLE 15. Duration of the preoviposition period of 
the beet leafhopper (summer form) at alternating con- 
stant temperatures and 50% relative humidity. 





Temperature Time Caleulated 
(°F. | Females | required time Deviation 
Number Daye Days % 

110 and 90 11 7.09+ 0.27 
100 and 90 19 4.05+ .23 4.96 —18.35 
100 and 75 | 16 6.12+ .25 7.29 —16.05 
100 and 70 27 6.59+ .40 7.86 —16.16 
90 and 85 26 7.38+ .35 6.92 + 6.65 
90 and 75 16 7.31+ .23 8.06 — 9.31 
90 and 70 16 9.94+ .32 8.76 +13.47 


The differences shown in the relative effeet of con- 
stant and alternating temperatures on the preovi- 
position period are rather variable, but there is 
considerable indication that temperature changes pro- 
duce an aceeleration, as oceurs in embryonie and 
nymphal development, beeause results of most of the 
tests show a gain in time. It is also shown that leaf- 
hoppers of the summer form complete the preoviposi- 
tion period in a relatively short time in exposures to 
90° and 100° F. in combination with lower temper- 
atures. It seems also that ovarian maturation would 
oceur under extremely high maximum temperatures 
in the field because development was completed in 
alternate exposures to 110° and 90°. Ovarian ma- 
turation was not attained, however, in continuous 
exposure to 110°. 

Effeets of humidity 

Humidity has an effect on duration of the pre- 
oviposition period similar to that described for the 
nvymphal stage. The retarding effect of temperatures 
above the optimum is slightly accentuated by increase 
in atmospherie moisture. As is shown in Table 16, 
at 100° F. the length of the stage apparently in- 


TABLE 16. Duration of the preoviposition period of 
the beet leafhopper under different humidity conditions. 








Temperature Relative | Time 
(°F.) humidity Females | required 

aS See) er iat oe 1 IS eee Ni GN Eee se ee SE 
| / Number Days 
| ( 10 37 4.19+ 0.18 

ss eicierecks ys ; < 50 47 4.664 .22 
| | 90 | 17 4.714 .37 
| ( 40 18 4.78+ .26 

ear | } 50 | 24 5.00+ .23 
| 80 | 20 5.00+ .36 
| | 90 22 5.18+ .22 
| 
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The 
data obtained at 92° also show a slight trend of the 
same sort, but there are no significant differenees. 


creases With the increase in relative humidity. 


Effects of light 
A test of the effect of light on the duration of the 
preoviposition period was conducted at 90° F. 
50% relative humidity. that developed 
through the nymphal and preoviposition periods dur- 


and 
Insects 


ing continuous exposure to the sun lamp were com- 
pared with other insects that were reared through 
the same stages in total darkness. The length of the 
preoviposition period for the group under the sun 
lamp was 4.00 + 0.18 days, and for the group reared 
in total darkness, 3.73 += 0.20 days. 


is not significant. 


The difference 


seem to have a marked effect 
on the rate of ovarian maturation. At 90° F. and 
50% relative humidity, 5.31 + 0.26 days was re- 
quired for preovipositional development of fertile 
No 


Fertilization does not 


females and 5.57 + 0.26 days for virgin females. 
significant difference is shown. 
OVIPOSITION 
Effects of constant temperatures 

The leafhoppers used in studies of oviposition were 
collected in the field, or taken from outdoor cages 
during the winter, when in the preoviposition stage 
of development and were held at 90° F. until ovi- 
position began. Exeluding those already laying or 
found to deposit eggs on the first day, a sufficient 
number beginning egg laying on the same day were 
divided at random into different groups and placed 
under different temperatures in controlled cabinets. 
The total number of eggs laid by each female was 
ascertained in studies of fecundity. The rates of ovi- 
position under different experimental conditions, how- 
ever, were not determined until after allowing an 
adjustment period of 3 days to minimize any effects 
of previous temperatures, and then the records were 
taken for only 7 or 10 days in the first part of the 
oviposition period when egg laying was more uni- 
form among individuals, and the mean rate was more 
constant over a period of time. The females were 
always confined singly in cages placed over the petiole 
and basal portion of the leaves of small potted sugar 
beet plants, and males were included with them dur- 
ing the preoviposition period at 90°, except in the 
case of overwintering 
fertilized in the fall. 

The effect of temperature on fecundity of the leaf- 
hopper was not investigated throughout the possible 
gradient, but the oviposition period and the total 
number of deposited were found to decrease 
rather sharply at temperatures above 90° F. (Table 
17). Egg production seems to be directly limited by 
higher temperatures, since laying ceases in about 1 
day at 115° and in 4 days at 110°, although the 
females usually live several days longer. 


females, which are normally 


“ror 
eggs 


Some eggs 
were also deposited at 120°, but the adults succumbed 
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TABLE 17. Effects of high temperatures at 50% rela- 
tive humidity on the length of the oviposition period 
and the total number of eggs deposited by the beet 
leafhopper. 





Ecos Deposirep OviposiTion Periop 


Temperature Females 
F.) 


Average Maximum Average Maximun 
Number Number Number Days Days 
115 25 4.80+ 0.93 17 1.08+ 0.19 3 
110 31 34.61+ 3.39 70 4.26+ .20 6 
100 50 132.86+ 11.57 324 15.52+ 1.14 32 
90 100 229.97+ 14.92 541 25.714 1.93 79 


in a few hours. The maximum temperature for con- 
tinued formation and deposition of eggs is near 105°. 

When held at 90° F., a group of 67 females de- 
posited 270.45 eggs per female after being removed 
from outdoor cages in January and February 1932, 
and an average of 229.97 eggs per female was ob- 
tained from a lot of 100 overwintered females in 
1934. Maximum depositions of 675, 641, 541, 526, 
and 508 eggs per female were recorded. Frequeney 
distributieus of the data are shown in Figure 13. 
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NUMBER OF EGGS PER FEMALE 
Fig. 13. Frequency distributions illustrating the fe- 
cundity of 100 overwintered females of the beet leaf- 
hopper: A, In the spring; B, of 67 females removed 
from outdoor cages in January and February. 
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The modes of the distributions indicate that the 
majority of overwintered females may deposit be- 
tween 300 and 400 eggs under favorable conditions. 
Probably owing to the occurrence of individuals weak- 
ened by exposure to winter conditions, a relatively 
high mortality early in the tests of females laying 
fewer than 100 eggs, reduced the average abnormally 
below the modal number. Stahl (87) observed a 
maximum deposition of 247 eggs by 1 femaie and 
Severin (82) reported an average of 350 eggs from 
5 females. 

Records of the effects of temperature on the rate 
of oviposition include data on the egg laying of the 
light-colored or summer-form adults in August, of 
the darker overwintering generation late in September 
(Table 18), and of overwintered adults in Mareh and 
April (Table 19). 
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TABLE 18. Oviposition of summer and fall generations of the beet leafhopper at different constant temperatures 
and 50% relative humidity. 





SUMMER- Form . ADULTs IN AUGUST OVERWINTERING ADULTS IN SEPTEMBER 
Temperature = i ——————— |——- ———_ ;—__—_—_——_—_ — ——-—— 

( °F.) Rate of — of 

Females Eggs eee layi ing’ Females Eggs egg laying! 
N ilies Number } Number Number 

SC ete 16 875 7.8140.68 | 18 |} 1,231 | 9.77+0.56 
A sed ytd 13 456 | 5.014 .51 | 19 818 6.15+ .37 
EE ae errs eee: 15 282 | 2.69+ .31 | 17 343 2.88+ .27 
RES eee eee 15 153 | Bat 15 | 147 1.40+ .10 
Sees pars aaneaye sed 15 72 .69+ .11 | 14 83 85+ .15 


| 7 | 
1 The average daily deposition per female during a 7-day period. 


TABLE 19. Oviposition of beet leafhopper of the overwintering generation in the fall and in the spring at dif- 
ferent constant temperatures and 50% relative humidity. 





OVERWINTERING ADULTS OVERWINTERING ADULTS 
(September and October) | (March and April) 
ee ea RI Sus se UNC: TO Cn eee Avon eis) Sewers 
Temperature Rate of "Rate of 
ce) Females | Eggs | egg laying! Females _Eges eee laying! 
| Number Number | Number oN umber | 
I chika erslereidicenrni +o0is ee 21 1,011 | 6.88+0.47 | 20 | 1,712 | 12.23+0.87 
__ 2 ee re 18 1231 | 9.774 .56 | 45 3,647 | 11.58+ .42 
hse n'ai oie has 20 945 | 6.75+ .43 | 14 840 | 8.57+ .54 
RE Eee ne 4 19 818 | Gt OF | 16 696 | 6.21+ .57 
— Eee bees 18 | 526 | 4.174 .27 | 25 878 = | «45.024 .36 
See 17 | 343 | 2.884 .27 | 25 549 3.14+ .24 
eer ges 19 282 2.124 .15 | 25 391 | 2.234 .18 
MN ee ite arc iarS eadiare nines 15 147 |} 1.40+ .10 | 19 184 | 1.38+ .26 
re ay hos at oie ay 14 | 83 | woe 8D | 15 46 | <aee oo 
ee eat alate 13 | 54 | 
| 


59+ .13 | 15 9 | .09+ .08 


1 The average daily deposition per female during a 7-day period. 





There was a progressive acceleration in the laying 
rate in all cases as the temperature increased from 
55° to 90° F. The oviposition rate of insects of the 3 
overwintering generation in the fall was also generally — ef 
higher than that of the summer-form adults (Table 
18), and the rate of egg laying of overwintering 
insects in the fall was generally exceeded by that of 
the overwintered females in March and April, after “i 
exposure to severe winter temperatures (Table 19). r Rs 
The maximum rate occurred at 90° to 100° F., where i vw” 
the average female laid from 8 to 12 eggs daily. This 
rate may be maintained for a considerable time, as 
is shown by an average of about 9 eggs per day for 
about 26 days by a group of 100 females held at 
90° (Table 17). Exceptional females may deposit 
as many as 30 eggs in a 24-hour period at temper- 
atures of 90° to 100°. With higher temperatures the 
rate of oviposition is more briefly stimulated and 
declines more rapidly. 

In Figure 14, it is seen that the oviposition rate 
is not proportional to temperature as would be de- L ‘ - 
scribed by Krogh’s formula, but the rising portions See ee eae is aoe 
of the curves are apparently of the exponential type si YP emenure 10 wid ns  ———————_ 
commonly deseribed by other analytical expressions. Fic. 14. Rates of egg laying of beet leafhoppers of 
In the range of 60° through 90° F. the same data (a), the summer form in August; (b), the overwintering 
have been fitted to the equations of van’t Hoff (B), generation in September ; and (e), in Mareh a 

. when plotted: A, directly against temperature; an 
Arrhenius (C), and Belehradek (D). Apparently a 


‘ : according to the equations of B, van’t Hoff; C, Arrhe- 
better fit is obtained with the first two equations. In  nius; and D, Belehradek. 
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this case, as was pointed out in a previous discussion 
of temperature coefficients for inseet oviposition 
(Harries 34), it seems that the percentage increase in 
rate is closely proportional to the increase in temper- 
ature and may be described as well by the more 
simple van’t Hoff formula or preferably by the 
analogous expression, y = Ae>x, which may be used 
without regard to any theoretical implications asso- 
ciated with the former equation. 

Oviposition occurred at temperatures as low as 
45° F., but the eggs may have been completely 
formed in previous exposure to higher temperatures. 
In this connection Bliss (8) has pointed out in studies 
of other species of leafhoppers that oviposition may 
be conditioned directly by temperatures at the time 
of egg laying and indirectly by the effect of previous 
temperatures on ovarian maturation of the eggs. The 
lowest temperature for continued oviposition seems 
to be near 50°, but this minimum appears subject to 
some seasonal variation because leafhoppers previ- 
ously exposed to cold late in the fall and in the win- 
ter lay appreciably more eggs at this temperature 
than those collected in the summer and early fall or 
after warm weather in the spring. Although some 
eggs are deposited at more extreme temperatures, con- 
tinuous oviposition occurs from a slightly lower 
minimum or through about the same range of tem- 
perature as embryonic and nymphal development. 

Effects of alternating temperatures 

Comparisons of the effects of constant and alter- 
nating temperatures were made by exposing different 
lots of overwintered females continuously to different 
constant temperatures, or alternately at 12-hour inter- 
vals to two constant temperatures. The two sets of 
tests were run simultaneously. Average rates of egg 
laying were based on individual records during a 
10-day period, after allowing for an adjustment in- 
terval of 3 days under the same conditions. 

Considerable individual variation occurred in the 


TABLE 20. Oviposition of overwintered beet leafhop- 








pers in March and April under alternate 12-hour ex- 
posures to different temperatures and 50% relative 
humidity. 
Dairy Rate oF | 
Alternating Eaa Layine 
temperatures Females | Eggs laid Seis § 8 8 8 — 
(°F.) in 10 days 
Observed | Calculated) 
Number Number Number | Number | % 

105 and 90... 20 1,890 | 9.45+0.82 7.44 +27 .02 
100 and 90 14 1,464 |10.46+ .67| 11.60 | — 9.83 
95 and 90 20 | 1,849 | 9.25+ .47| 9.909 | — 6.57 
90 and 85 19 | 1,788 | 9.414 .52| 8.10 | 416.17 
90 and 80 17 1,352 7.95+ .52 8.52 — 6.69 
90 and 75 20 1,887 9.44+ .36 9.40 | + .43 
90 and 70 17 1,595 |9.38+ .63| 6.75 | +38.96 
90 and 65 20 1,823 | 9.12+ .39| 7.05 | +29.36 
90 and 60 | 2 1,535 | 7.67+ .43 6.77 | +13.29 
90 and 55 16 539 | 3.37+ .24 4.82 | —30.08 
90 and 50 7. | 607 | 3.57+ .39 4.65 —23.23 
80 and 65 18 742' | 5.89+ .39| 5.68 + 3.70 
75 and 65 2 | 915 | 4.58+ .20 4.97 — 7.85 


‘In 7 days. 
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rate of egg laying, and, owing probably to the limited 
number of insects that could be handled simultane- 
ously the results (Table 20) are rather inconclusive. 
Since the number of plus and minus deviations are 
approximately equal, the rate of egg laying is not 
affected by temperature changes, at least not suffi- 
ciently to be demonstrated within the range of experi- 
mental error. 


Effeets of humidity 

Studies of oviposition under different conditions of 
atmospheric moisture were conducted during Novem- 
ber and December 1933 with leafhoppers of the over- 
wintering generation that were collected late in the 
fall. Rates of egg laying were based on individual 
records of the females for a 7-day period at different 
humidities, after being held for an adjustment period 
of three days under the same conditions. All the 
insects were taken from the same group and were 
used during the first portion of the oviposition period. 
The results (Table 21) indicate that the rate of egg 
laying is not appreciably affected by differences in 
relative humidity. Since few of the ovipositing fe- 
males died during the experiments, no significant 
effect of humidity on mortality of the adults was 
shown within the 10-day exposure to different con- 
ditions, 


TABLE 21. Oviposition of the beet leafhopper under 
different conditions of relative humidity with the tem- 
perature held at 90° F. 





Relative 
humidity “ 


Eggs laid by 50 


Daily rate of 
females in 7 days 


egg laying 


Number 





20...... | 5,089 14.54+0.64 
ae | 4,936 14.10+ .35 
rene 4,589 13.114 .32 
re 5,152 14.72+ .42 
eae 5,179 14.79+ .46 
en 4,923 | 14.07+ .28 
ee 4,737! | 13.814 .64 
ys vnace 5,254 | 15.014 .52 


‘49 females. 


Menusan (63) found that the bean weevil deposited 
the greatest number of eggs at a relative humidity 
of 90%. Opposite results were found by Schubert 
(80) for the beet bug (Piesma qnuadratum (Fieb.) ). 
Other references have been reviewed by Richardson 
(73) and Uvarov (91). 

Effects of light 

Oviposition of the leafhopper was not studied ex- 
tensively in relation to light factors, since preliminary 
experiments indicated that light did not have any 
marked effect. A daily rate of 14.83 + 0.59 eggs 


was observed under conditions of total darkness. A 
comparable rate of 14.74 + 0.65 eggs per day was 
obtained during continuous exposure to about 40 foot- 
eandles of illumination from ordinary light bulbs, 
and a rate of 15.57 + 0.64 under ultraviolet radiation 
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provided by continuous exposure beneath a sun lamp. 
The experiments were conducted simultaneously at 
90° F. and 50% relative humidity with insects from 
the same group. “The average oviposition rates are 
based on the number of eggs deposited by 23 to 25 
females during a 10-day period. These results show 
no significant differences attributable to light. 


Effects of age 

Data obtained in studies of 100 overwintered fe- 
males at 90° F. and 50% relative humidity (Fig. 15) 
show that the rate of egg laying gradually declines 
with age although it is fairly constant during the 
period of 2 to 3 weeks in which the majority of the 
eggs are deposited. Oviposition of individual females 
is continuous at different temperatures and is not sub- 
ject to cyclical or periodic variations. 

Most of the females for which oviposition records 
were obtained died without showing a definite lapse 
in egg laying. The average postoviposition period 
for a group of 100 females was less than 2 days, 
which indicates that oviposition continues throughout 
adult life and that egg-depleted individuals would 
never comprise an appreciable percentage of the 
population. 

Effect of host plants 

To obtain some comparison of oviposition on dif- 
ferent host plants, laying individuals from the same 
collection of spring-generation migrants from beet 
fields in June 1936 were placed on potted sugar 
beets, beans, and tomatoes, and on several common 
weed hosts that were transplanted into flower pots 
from outdoors. The plants were held in the green- 
house for a sufficient time before the tests for any 
eggs that may have been present to incubate. Tests 
on different plants were made at the same time at 
80° F. and 50% relative humidity. The leafhoppers 
were transferred to fresh plants each day, and the 
cgegs were counted by clearing the exposed plants in 
chloral hydrate. The average numbers of eggs per 
female laid during a 7-day period by 14 to 16 indi- 
viduals on each species of plants are shown as follows: 


Eggs 

deposited 
Sugar beet ‘ 30.1 
Po oe 4.2 
| ee ee ee ee ee 2.6 
ee ee ee ee ee ee 1 
Ds oh ie @, “gum See ie 1.2 
ee ee ee ee ee 2 
ee ee ee ee ee ee 2 


It is well known that sugar beets are one of the best 
hosts and that beans and tomatoes are among the 
poorest, as is indicated here. Unless the adaptation 
to certain plants must be more gradual, it is difficult 
to account for the small number of eggs in the weeds, 
since flixweed and Russian-thistle are favorable hosts 
and considerable numbers of newly hatched nymphs 
have been observed on both smother-weed (Bassia 


hyssopifolia (Pall.) Kuntze) and tumbling orach in 
the field. 
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Fig. 15. Average daily oviposition and cumulative mor- 
tality of 100 overwintered beet leafhoppers at 90° F, 
and 50 percent relative humidity. 


LONGEVITY AND MORTALITY 
Effects of temperature 

Leafhoppers collected from wild host plants in the 
fall were used in studies of the effects of temperature 
and other factors on the length of adult life. Data 
on the average survival of some groups of adult fe- 
males at different temperatures from 30° to 115° F. 
are given in Table 22. These insects were collected 
and placed under controlled conditions in November, 
and small potted sugar beets were used as host plants 
at all temperatures. Data obtained at below 90° are 
not strictly comparable with those at higher temper- 
atures, since tests in the two portions of the gradient 
were not conducted at the same time. It is shown, 
however, that the length of life decreased to a few 
days at 110°-115°, was greatly extended with lower 


TABLE 22. Average length of life of overwintering 
females of the beet leafhopper when collected in Novem- 
ber and placed under different temperatures. 





Temperature Relative Length 

(°F.) humidity Females of life 

Qi Number Days 
115 - 50 26 2.24+0.23 
540. . mA 50 32 9.56+ .75 
. Se ae 50 50 16.1241.15 
er, 40 100 28.18+2.00 
___ NR aes 50 100 | &2.86+2.52 
|| a 50 100 73.78 42.84 
ES, 50 100 50.42 +2.90 

| ee, 


100 | 9.664 .42 


TABLE 23. Comparison of average length of life of 
male and female beet leafhopper adults at different 
temperatures. 





LENGTH OF LiFE, Days 























Temperature Relative (— —— 

(°F.) humidity Males | Females 
60...... ...| 80% | 13.78+1.17 | 82.864+2.52 
| ee ee 50% | 14.01+ .73 | 73.784+2.84 
ae 50% | 18.31+ .70 | 50.42+2.90 
30... | 6.70+ .20| 9.664 .42 
_ ee see | 3.20+ .17 | 14.68+ .83 
Ce mee ae : | 4.494 .31 | 11.944 .45 
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temperatures and decreased metabolism down to 60°- 
50°, and then decreased markedly again when physical 
activity and feeding were suspended in exposures at 
| 

Results given in Table 23 show that the females 
live considerably longer than the males at the same 
temperatures. Relative values for males and females 
at the same temperature are strictly comparable, but 
not those at different temperatures, since the tests 
were conducted at different times. 


Effect of host plants 

The length of adult life also seems to be affected 
by the species of food plants, since females on flix- 
weed survived longer than others from the same eol- 
lections that were started at the same time on sugar 
beets. Averages of the length of life on flixweed at 
50°, 40°, and 30° F. were 82.55 + 2.61, 86.54 + 4.00, 
and 10.41 + 0.37 days, respectively, in comparison 
with the corresponding averages on sugar beets at 
the same temperatures shown in Table 23. 


Effects of evaporation and moisture 
obtained in feeding 
During dispersal movements feeding is interrupted 
when the leafhopper is airborne or distributed where 
there are no host plants. The insect survives only a 
very short time without feeding, but the length of 
life increases considerably with lower temperatures 
and higher relative humidity, as is shown in Table 
24. Similar effects of temperature on the survival 
of unfed leafhoppers are shown by data in Table 25. 
Closely related to the effect of humidity is the 


TABLE 24. Longevity of overwintering unfed females 
of the beet leafhopper under different conditions of tem- 
perature and humidity. 





LENGTH OF LIFE 


Temperature | Relative | Saturation (in days) 
(°F.) | humidity | deficiency - - 
| Average |Maximum 
W/ |; Mm. | 

{ 100 0.0 | 1.94+0.08 3.0 
90 3.7 1.38+ .04 2.5 
|| 70 10.7 | 1.234 .04/ 1.5 
eee ee 14 50 17.9 94+ .03 1.o 
30 | 25.0 -84+ .03 1.0 
10 32.2 4¢x 8 1.0 
lt oO | 35.8 59+ .03 | 1.0 
( 100 | 0 |3.02+ .09! 5.0 
90 1.9 | 2.354 .19 5.0 
70 5.6 1.92+ .10| 3.5 
ee use { 50 9.3 | 1.49+ .06 3.0 
| 30 | ex |1.54+ .04| 2.0 
1} 10 16.7 | 1.284 .05 2.5 
|| ® | 2.6 | 1.064 .07 2.5 
I 100 | .0 |10.56+ .84 | 19.0 
| 90 9 7.16+ .49 11.5 
| 70 2.7 3.82+ .34 8.5 
50 1 4.6 4.134 .25 6.5 
| 30 6.4 3.40+ .23 6.0 
10 8.2 2.96+ .23 5.5 
0 9.1 2.74+ .20 4.5 
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TABLE 25. Longevity of overwintering females of the 
beet leafhopper at different temperatures and about 50% 
relative humidity without host plants and with and with- 
out water for feeding. 





LENGTH oF Lire (in days) 


With distilled water 


Temperature Without water 
{ F.) 


Mean Maximum Average Maximum 
115 0.64+ 0.22 1.00 0.06+ 0.01 .08 
110 2.60+ .16 4.00 16+ 2 -21 
100 4.04+ .25 7.00 35+ .01 .54 
90 4.044 .33 6.50 1.03+ .03 1.50 
85 5.28+ .34 9.00 1.004 .02 | 1.50 
80 5.95+ .70 11.50 1.31+ .06 2.00 
75 7.604 .65 12.00 1.50+ .05 2.00 
70 12.28+1.03 | 24.00 2.30+ .11 4.00 
45 19.00+ .92 33.00 2.87+ .15 5.00 
60 . 25.56+ 1.35 35.00 2.96+ .16 4.00 
50 31.44+ 3.33 61.00 4.28+ .20 | 6.00 
40 37.62+ 1.95 80.00 6.40+ .65 12.00 


matter of the quantity of water available to the 
insect, either as a part of its food or in the form of 
contact moisture. Table 25, the time 
of survival without host plants was considerably ex- 
tended at all temperatures when the insects were 
supplied with distilled water. The decrease in time of 
survival of unfed leafhoppers with lower humidities 
at the same temperature (Table 24) seems to be due 
largely to the rate of water loss, since Table 26 shows 
that the survival time was about the same under dif- 
ferent humidity conditions when the insects were 
given distilled water. 


As is shown in 


TABLE 26. Longevity of overwintering females of the 
beet leafhopper at 70° F. under different humidity con- 
ditions when fed on distilled water. 





Saturation LENGTH OF LIFE (in days) 
Relative deficiency (————_——_—__|____—___- 

humidity “; (Mm.) Average Maximum 
Ba rei 1.9 4.12+0.22 7 
. ee So8 3.80+ .23 8 
ee ey 5.6 A ee § 8 
2 9.3 4.28+ .28 11 
oe 11.2 3.66+ .23 8 
30 13.0 4.644 .33 11 
... 16.7 4.76+ .39 1 


During migration and dispersal movements, and 
also when the seasonal sequence of favored host plants 
is unfavorable because of premature drying or de- 
layed germination, almost any species of plant may 
be used at least as a source of moisture, and it seems 
probable that such unfavorable food plants as sage 
brush, Artemisia tridentata, Nutt. serve chiefly in this 
way as temporary or hold-over hosts. Since Table 25 
shows that the length of life without host plants may 
be increased to as much as 80 days at 40° F. when 
the insects were supplied only with water, late fall or 
winter prceipitation may also be an important factor 








72 


in extending survival when there is delayed or sparse 
germination of winter host plants. 

According to Dalton’s law the rate of evaporation 
from a water surface is proportional to the saturation 
deficiency of the air. Buxton (11), working with the 
yellow mealworm, found that water was evaporated 
from the insect in proportion to the saturation de- 
ficiency of the air for a short time and emphasized 
(12) the importance of this measure of the environ- 
ment with data on insects by Parker (66) and others. 
Mellanby (61) found that this was nearly the case 
with bedbugs. 

On the other hand, in studies of 3 species of African 
locusts, Hamilton (31) obtained different results 
under almost the same saturation deficiency at differ- 
ent temperatures. Leeson (54) found no direct rela- 
tion between the survival of unfed fleas and the 
saturation deficiency at different temperatures, and 
Maereks (57), with eggs of Microbracon hebetor has 
shown that relative humidity, and not saturation de- 
ficiency, determined the temperature limits for a 
given mortality. Maereks (58) also concluded that 
the processes involved in loss of water by living in- 
sects are too complex to be expressed by a simple 
physical law. Wigglesworth (94) states that the rate 
of water loss is governed largely by saturation de- 
ficiency, but cites a number of exceptions where 
insects lose more water in proportion to the satura- 
tion deficiency at higher temperatures and less than 
the expected amount in very dry, or moist, air; he 
diseusses a number of factors, both physical and 
physiological, that cause such departures from the 
rule. 

Table 24 shows that longevity of unfed leafhoppers 
increased with higher relative humidity and lower 
saturation deficiency at each of the three different 
temperatures. The general increase in length of life 
at all humidities as the temperature decreased from 
90° F. to 70° and to 50° shows that temperature 
has an independent effect which cannot be expressed 
in combination with that of atmospheric moisture in 
terms of the saturation deficiency or evaporating 
power of the air. According to Wigglesworth (94), 
this could be due to a more rapid loss of water vapor 
from the tracheal system with increased respiration, 
or to greater permeability of the cuticle to water and 
an increasing rate of diffusion in still air, as the tem- 
perature rises. At each temperature (Table 24) the 
time of survival is disproportionately longer in sat- 
urated atmosphere than at lower humidities or greater 
saturation deficiency. Similar examples are cited by 
Wigglesworth (94), including instances where certain 
insects are apparently able to absorb moisture from 
the air at high humidities. However, the possibility 
exists in the present case that some moisture may 
have been condensed and imbibed or that hygroscopic 
excrement was reingested. 

Different humidity conditions for tests shown in 
Tables 24 and 26 were obtained in sealed desiceators 
with solutions of sulfurie acid. The leafhoppers were 


given distilled water by the same methods described 
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by Fulton and Chamberlin (25), in which small 
mesh-eapped cages were placed on feeding dishes 


‘apped with animal mesentery. 
Effects of low temperatures 
The effects of low temperatures in causing mortality 
evidently depend on the length of exposure as well 
as on the degree of cold. Continuous exposures under 
controlled conditions produced complete mortality of 
groups of overwintering females in approximately 20 
days at 30° F., 15 days at 20°, 11 days at 15°, 6 
days at 10°, 2 days at 5°, less than 12 hours at 0°, 
and less than 5 hours at —4°. 
is roughly one-half these specified exposures. 


The average survival 
These 
results aiso seem to agree fairly well with those of 
Carter (14: 63, 64; Tables 28-33), who found that 
the overwintering females rarely survived 4-hour ex- 
posures to —2° F., —10°, and —14° in a commercial 
refrigeration plant, or when chilled to 0° or lower 
in laboratory apparatus. 

During the winter the insects are evidently pro- 
tected to a considerable extent against low or subzero 
minimum temperatures because the soil-surface tem- 
peratures rarely reach levels low enough for sufficient 
time to approach lethal exposures as determined 
under experimental conditions. This is shown in 
Figure 16, where corresponding standard shade and 
soil-surface daily minimum temperatures during the 
winter are compared for a 10-year period, 1925-26 to 
1934-35, at Twin Falls, Idaho. Although subzero 
temperatures occurred rather frequently and were as 
low as —20° F. in January 1930 and February 1933, 
the temperature of the soil rarely fell below 5° and 
never reached 0°. 

Carter (14: 65, 66, 110) pointed out that the sur- 
face of the soil is well protected against extremes of 
low temperature and that for three winters the soil- 
surface temperatures did not reach the lethal mini- 
mum temperatures determined experimentally. On 
this basis he was unable to account for differences in 
survival in hibernation cages and the overwintered or 
spring populations in 1926-27 and 1927-28 as a direet 
effect of low temperature, either as extreme cold for 
a short time or longer durations of more moderate 
low temperatures. He concluded, however, that “the 
more frequent the occurrence of temperatures below 
zero Fahrenheit, the greater the reduction in over- 
wintering populations.” 

In the action of subfreezing temperatures previ- 
ously shorter exposures are lethal or 
equal periods are more lethal as the temperature 
dcereases, but this seems to depend to a considerable 
extent on the occurrence of continous or unbroken 
exposures, because higher fluctuations of however 
slight duration appear to counteract the effects of 
intensity and duration of cold. This effeet was ob- 
served when two portions of a collection of overwin- 
tering females were exposed at the same time in a 
cabinet at 10° F. The mortality in continous ex- 
posure of one group was estimated by removing and 


discussed, 


discarding a sample of 50 insects each day, while the 
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Fig. 16. Comparisons of standard shade and soil-surface daily minimum temperatures for the years 1925-35 at 
Twin Falls, Idaho. 
other group was removed from the chamber for 5 to b a Persson : 
humidity deficiency mm. Days 
10 minutes daily and then replaced after sufficient 70 as 12.46 + 0.60 
warming to permit slight life movements by the sur- 50 8 13.16 + .66 
vivors, so that mortality on successive days could be 30 24 12.22 + .70 
determined. In continuous exposures the average - - 18.18 + .54 
meusval was 4.74 + 92 dows. while the ace . 
survival was 4.74 + .23 days, while the second group Inasmuch as death apparently comes from loss of 
niths : _ oy eX sure ? ( + 5 : . “ aie 
withstood a much longer exposure of 11.94 = .45 moisture by the insects under these conditions, the 


days or a significantly 


same conditions. 


longer total time under the 


In further studies using both methods of procedure 
and observation, it was found that effeets of the in- 
tensity of subfreezing temperatures were counteracted 
by broken exposures so that the time of survival at 
lower levels was about the same as at 30° F., where 
death apparently results from desiccation 
indirectly from cold in preventing physical activity 
for feeding. The ave survival in broken ex- 
posures at different temperatures is shown as follows: 


or only 
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In exposures broken 5 to 10 minutes daily for ex- 
aminations, the longevity was also about the same 


under different relative humidities at 10° F. and the 
corresponding saturation deficiencies, as is shown by 


the following results: 














similar survival with small differences in saturation 
deficiency at the same temperature seems significant 
and the results at 10°, 15°, 20°, 25°, and 30° likewise 
seems reasonable, because there is so little difference 
in evaporating power of the air at these low tem- 
peratures. 

Differences in the effect of broken and continuous 
exposures on the survival at different temperatures 
are illustrated in Figure 17 by the increase in diver- 
gence of the saaine curves at each level as the tem- 
perature decreased. Curves showing the effect of 
continuous exposure are based on different samples 
of 250 insects taken from the cabinet each day after 
the different time intervals and 
Curves labeled “broken exposures” 


then discarded. 
are based on data 
for the same group of 200 females at each temper- 
ature that were removed from the cabinet for 5 to 10 
minutes on successive days for examination. 

The effect of cold periods during the winter there- 
fore appears to depend to an important extent on 
the daily maximum temperatures, since the intensity 
ot subfreezing temperatures, at least down to 10° F., 
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Fig. 17. Relative effects of broken and continuous ex- 


posures to cold on mortality of overwintering females of 
the beet leafhopper in February. 


have little effect when relaxed by the diurnal temper- 
ature fluctuations. During the winter the leafhoppers 
are active as temperatures permit, and feeding at 
intervals is evidently necessary for survival, since the 
average period endured under controlled temperatures 
just below the minimum for feeding is only 10 to 11 
days and death apparently results from desiccation 
under these conditions. Extended periods when the 
ground is with the soil-surface 
maximum temperatures do not rise above 32° for 1 
to 2 weeks or more to permit feeding or imbibition of 
would very unfavorable for 


covered snow, or 


moisture, seem to be 


survival. 

Effects of contact moisture in exposure to cold 

In laboratory studies of the effect of contact mois- 
ture in exposure to cold the mortality was greater 
on moist than on dry soil, and the percentages of 
survival were still lower when the insects were ex- 
posed to low temperatures and then warmed to activ- 
ity under a covering of snow or ice. Overwintering 
females from outdoor cages when held for 24 hours 
at 10° F. sustained mortalities of 7.0% when exposed 
on dry sand, 46.0% on moist sand, and 88.6, 91.2, and 
90.4% on moist sand and under 1, 2, and 3 inches of 
snow, respectively. Similar results, with mortalities 
of 28, 46, and 93% were obtained in another experi- 
ment when overwintering females were exposed at 
10° on dry sand, moist sand, and moist sand under 
about 1 inch of snow, respectively. In these experi- 
ments the water drained away and the insects were 
warmed slowly to activity after the cold exposures. 
The insects used in the tests were strictly comparable, 
and the experimental treatment was the same except 
for the difference in moisture conditions. 

Complete mortality occurred when the insects were 
frozen in ice at 10°. 

The effect of winter precipitation on mortality of 
overwintering leafhoppers has not been adequately 
investigated in the field, but in comparisons of winter 
survival in outdoor cages that were kept covered, or 


exposed by removing the tops during snowfalls, Car- 
ter (14: 60, 61, 62) found that mortality of the 
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insect was inereased by contact moisture in wet soil 
and precipitation. 

It seems doubtful, therefore, that high percentages 
of the overwintering females are very often eliminated 
at one time by the occurrence of extremely low tem- 
peratures or by less severe temperatures for longer 
Ordinarily winter mortality seems rather to 
be a gradual wearing down process in which lower 


periods. 


temperatures of longer duration, snow cover for ex- 
tended periods, precipitation, and alternate freezing 
and thawing chiefly contribute. 


Effects of winter conditions observed in 
sampling studies in 1934-35 

Population-sampling studies were continued during 
the winter of 1934-35 on the Berger plot. The data 
obtained on the occurrence of overwintering females 
based on 50 unit samples (except for 49 on Mareh 
6-9) taken on two proximate days are illustrated in 
Figure 18 in relation to the soil-surface minimum 
temperatures recorded during the winter. The actual 
estimates with their listed as 
follows: 


standard errors are 
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Fic. 18. Number of overwintering females of the beet 
leafhopper per square yard associated with the daily 
minimum soil-surface temperatures, Berger, Idaho, 1934- 


39. 
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From November 28 to December 10 the data show 
a decrease of about 60% in the number of overwinter- 
ing females, ora statistically significant reduction of 
22.70 + 7.71 per square yard according to the dif- 
ference in means. Apparently no appreciable mor- 
tality occurred during December and the first part of 
January. Later in January a further significant 
reduction in number oceurred following a cold period, 
when minimum temperatures near 0° F. were recorded 
for two nights in succession (Fig. 18). This inerease 
in mortality was evidently produced by low temper- 
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atures, since experimental work has shown that ex- 


posures to 2°-3° for several hours, obtained by 
refrigeration, will kill some of the leafhoppers. Late 


in February and early in March there is another de- 
crease in numbers, which is not statistically significant, 
however. After some warm weather in March a sig- 
nificant increase occurred that was evidently due to 
an influx of overwintered females to the observation 
plot from other points in the vicinity where there 
were less favorable host plants. Precipitation during 
the winter was below normal, and the light and tem- 
porary snow covers could have afforded little protec- 
tion from subzero minimum temperatures or caused 
any appreciable mortality in preventing feeding for 
sufficient time. Precipitation of 0.58 inch was re- 
corded for December, but this came after the decrease 
in population shown for December 10 and 11, and 
apparently had no effect on mortality. In January, 
February, and March the precipitation was 0.30, 0.29, 
and 0.02 inch, respectively. 


SUMMARY 


Studies of the beet leafhopper were conducted at 
Twin Falls, Idaho, during the years 1932-37. The 
investigations consist chiefly of laboratory tests of 
effects of temperature and other factors on develop- 
ment, oviposition, and mortality of the insect with 
population-sampling studies of its seasonal develop- 
ment and abundance in the field during two seasons. 

The average duration of the egg stage ranges from 
5.5 days at 100° F. to 43.8 days at 60°. Duration of 
the nymphal stage increases from 13.0 days at 95° 
to 75.4 days at 65°. 
mental stages in slightly less time than is required by 
the females. Development is very slow at 55° and 
apparently the minimum effective temperature is be- 
tween 55° and 50°. Rate of development in the egg 
and nymphal stages is closely proportional to the 
temperature between 65° and 95°. 


Males complete the develop- 


In this range of 
temperature thermal increments of about 200 and 
450 day-degrees summed between 58° and 95° are 
required for completion of the egg and nymphal 
stages, respectively. 

The nymphal stage consists of 5 instars that may 
be reliably distinguished by the width of the head 
capsule. The mean headwidth about 
pereent between molts, the ratio of increase being 
fairly constant through successive stages in accord- 
ance with Dyar’s principle. The duration of the 
different instars at 90° F. vary from 2.3 to 3.8 days, 
with the first and the last stages being significantly 
longer than any of the others at this temperature. 
The nymphal weight approximately doubles in sue- 
cessive instars and inereases from about .04 milli- 
gram at hatching to approximately .9 to 1.0 milligram 
just preceding the final molt. The curve of nymphal 
growth at a constant temperature is typically sigmoid, 
but apparently consists of 5 different segments, indi- 
cating that the growth ratio differs slightly in the 
various instars. 


inereases 25 


In alternate daily exposures to high and low tem- 
. aS 
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peratures and under naturally varying temperatures 
the rate of development is accelerated in comparison 
with effects of equivalent constant temperatures. The 
amount of acceleration under variable temperatures 
apparently differs with the temperatures involved, 
with the time of exposure at different temperatures, 
and also with the stages of embryonic and nymphal 
development completed under different temperature 
conditions. 

Population sampling in 1934 and 1935 shows that 
Studies of the 
accumulations over a 10-year 
period indicate that there are usually 3 generations 
in southern Idaho, with the last generation sometimes 
maturing rather late in the fall and possibly limited 
somewhat in size by insufficient temperatures. 

The spring movement to the cultivated areas in 
May or June begins slowly at first and then inereases 
more rapidly to a peak in from 1 to 3 weeks later, 
depending on temperatures affecting maturation of 
the spring generation of leafhoppers in the eontrib- 


3 generations matured each year. 


annual temperature 


uting breeding areas. <A high correlation between 
dates of the beginning of the movement in different 


years and the recorded temperature increments indi- 
cates that temperature is the most important variable 
governing the time of migration. In years of early 
migrations advanced by higher spring temperatures 
curly top injury to sugar beets has usually been 
severe, while beet vields 
when the migration was 
atures. 

The rate of embryonic development is apparently 
unaffected by differences in relative humidity. Nym- 
phal development is slightly retarded with high hu- 
midity at unfavorably high temperatures. 

Apparently light factors have no important effect 
on the rate of embryonie and nymphal development. 
Hatching is stimulated by light after completion of 
development, and the embryonic period may thus be 
extended slightly by the oceurrence of darkness. 

The host plant is not an important factor in the 
duration of the egg stage, but considerable variation 
is shown in the time required for nymphal develop- 
ment on different host plants, development being 
slower on less favorable plants. 

Mortality in the egg stage was greater at both tem- 
perature extremes for development. Nymphal mor- 
tality increases with higher and lower temperatures 
and with higher humidity. The effects of temperature 
and humidity on mortality of the immature stages 
cannot be expressed satisfactorily in terms of satura- 
tion deficiency. 

In studies of the effects of moderate temperatures 
just below the minimum for development, differences 
from 30 to 80% relative humidity at 40° and 50° F. 
seem to have no appreciable effect on mortality in the 
egg and nymphal stages. Mortality in the egg stage 
increases with longer exposures at these temperatures 
und probably with the decrease in temperature. The 
late embryonic stages are most susceptible to the 
effects of cold. Nymphal mortality inereases with 


have generally been good 
delayed by lower temper- 
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lower temperature and with the time of exposure to 
cold, and both factors have relatively greater effeet on 
the smaller nymphs. With increase in cold, shorter 
exposures have relatively greater effect on mortality. 

The seasonal color forms are determined by tem- 
perature conditions. The first adults of the overwin- 
tering form appear suddenly after the first cool nights 
in the fall, and sometimes darker adults of the spring 
generation that are produced by cooler weather are 
difficult to distinguish from those of the overwintered 
generation. As temperatures at which the nymphs 
are reared grade downward, coloration of the adults 
ranges from yellowish green at 105° and 100° F. and 
light green at 95° to darker green at 90° and 85° 
with darker areas appearing on the wings, vertex, 
and pronotum at 80° and 75° and lower temperatures. 
Coloration seems to be largely determined during 
later stages of nymphal development and probably 
mostly during formation of the wings and hypodermis 
preceding the final molt. 

Size and weight of the adults is also influenced by 
temperature. Adults maturing in the fall and spring 
are generally slightly larger than those appearing 
during the summer. When reared under experimental 
conditions the adult weight increases with successively 
lower temperatures. Female adults are also slightly 
larger than the males at the same temperatures. 

The sexes are about evenly divided under all con- 
ditions of temperature and humidity. 

Fertilization occurs early in the adult stage and 
the females continue to lay fertile eggs throughout 
life although mating was never observed after ovarian 
development was completed. Fertilization is not nee- 
essary for egg laying and apparently has no effect 
on ovarian development or duration of the preovi- 
position period. 

Average duration of the preoviposition period 
ranges from about 4 days at 90° F. or 4 to 6 days 
in summer, to 4 to 6 months during the winter and 
is apparently governed largely by the maximum tem- 
peratures. With the appearance of the darker col- 
ored adults of the overwintering generation early in 
the fall, ovarian development is suspended by the de- 
creasing maximum temperatures, or is at least greatly 
retarded by smaller increments of higher temperatures. 
After exposure to more extreme cold has occurred 
the insect is enabled to complete ovarian develop- 
ment during the remainder of the winter under 
increments of higher soil-surface maximum temper- 
atures. The rate of preovipositional development 
seems to be unaffected by differences in relative hu- 
midity, except for a very slight retardation with high 
humidity at high temperatures. 

Oviposition begins at about 
accelerated to about 90°-100°, 
higher temperatures. 


50° F., the rate is 
and then declines at 
Effects of the temperature 
gradient are represented by S-shaped graphs in which 
data for the rising portion of the curves are well 
described by van’t Hoff formula or analogous ex- 
pressions where the ratio of increase in rate of egg 
laying is proportional to the difference in temper- 
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ature. The oviposition rate is apparently not aecel- 
erated by varying temperatures in comparison with 
results at constant temperatures. The rate of egg 
laying seems to be unaffected by the quality and in- 
tensity of light or by differences in atmospherie 
moisture. Oviposition continues toward the end of 
adult life, but the rate of egg laving declines grad- 
ually with increasing age. The majority of overwin- 
tered females may deposit between 300 and 400 eggs 
ach, and a maximum of 675 eggs was recorded for 
one individual. 

The length of adult life decreases to a few days at 
110°-115° F., is greatly extended with lower temper- 
atures and decreased metabolism down to 60°-50°, 
and then decreases markedly again when physical 
activity and feeding are suspended in exposures at 
30°. Females live considerably longer than males at 
the same temperatures. The length of adult life is 
apparently affeeted by host plants since the inseets 
survived significantly longer on flixweed than on 
sugar beets. The adult survives but a short time 
without water either as part of its food or in the 
form of contact moisture. The time of survival with- 
out water with lower temperatures and 
higher humidity and is apparently determined by the 
rate of water loss from the insect, but the effect of 
both temperature and humidity factors cannot be 
expressed satisfactorily in terms of the saturation 
deficiency. The time of survival is considerably ex- 
tended when the insects are fed on distilled water, 
and many unfavorable food plants may serve chiefly 
in this way as temporary or hold-over hosts in pro- 
viding moisture. 

Effects of subzero temperatures on mortality of the 
overwintering females depends on the degree of cold 
and the time of continuous exposure, shorter ex- 
posures being lethal or equal exposures more lethal 
as the temperature decreases. The insects seem highly 
protected against subzero air temperatures because 
the soil-surface temperatures rarely reach lethal ex- 
tremes near 0° F., or low enough levels for sufficient 
time to approach highly lethal exposures as deter- 
mined under experimental conditions. Also, the effects 
of periods of extreme cold would appear to be greatly 
lessened by temperature rises of however slight dura- 
tion during the day because under experimental con- 
ditions, broken exposures for 5 to 10 minutes daily 
to permit perceptible life movements counteract the 
intensity factor of cold so that the time of survival 
at 25°, 20°, 15°, and 10° is about the same as at 
30° where death apparently results only directly from 
desiccation. Extended cold periods when the ground 
is covered with’ snow or the soil surface maximum 
temperatures do not rise above 32° F. for 1 or 2 
weeks or more to permit feeding or imbibition of 
moisture, would seem to be very unfavorable for 
survival. Contact moisture as well, as thawing and 
freezing in ice also inereases the lethal effects of 
experimental exposures to cold, and winter precipita- 
tion seems generally. unfavorable for survival. 

Population sampling studies of overwintering leaf- 
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hoppers on a plot in the desert breeding area show 

a significant increase in mortality following a cold 

period in January when the soil surface temperature 

approached 0° F. for two nights in succession. 
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EFFECT OF CHARCOAL ON CERTAIN PHYSICAL, CHEMICAL, AND 
BIOLOGICAL PROPERTIES OF FOREST SOILS 


INTRODUCTION 


Chareoal is one of the constituents of soils of all 
forest types in this country, and probabiy in all for- 
est types in the world, excepting, perhaps, certain 
tropical rain forests. The amount of charcoal pres- 
ent will vary greatly depending upon the number and 
intensity of fires common to the forest type. Wher- 
ever charcoal is present it may be presumed to exert 
an influence on the character of the stand beginning 
with the germination of seed and continuing through- 
out the life of the organisms. This influence is 
thought to be due to changes in the physical and 
chemical properties of the soil and to changes which 
may occur in the population of competing organisms. 

Chareoal is added to result of 
forest fires, slash burning in forests, controlled burn- 
ing such as occurs in the southeastern United States, 
and commercial production of charcoal in hearths 
located within forests. Gisborne (1932) stated that 
burned wood in forest soils proves that in the past 


forest soils as a 


fire has been of universal occurrence in all present 
forest types of the United States. According to 
Plummer (1912) a material resembling charred wood 
was unearthed in a Pre-Carboniferous sandstone in 
Michigan. Also, he mentioned that the California 
big trees (Sequoia washingtoniana (Winsl.) Sudw.) 
indicated by the presence of fire sears the occurrence 
of great fires as far back as the year 245. The for- 
est area most frequently burned in the United States 
is the longleaf pine (Pinus palustris Mill.) region 
(Heyward 1939). Within this area a pine stand 
which had been unburned for 15 years or longer 
would be a rarity (Heyward 1937). In spite of the 
amount of burning in this region, less charcoal may 
be expected to accumulate in the soil than in other 
regions where fires are less frequent, because the fires 
of the southeastern forests usually are of the surface- 
fire class, and chiefly burn organie debris and herba- 
ceous vegetation, whereas in other regions larger 
amounts of accumulated fuel allow more destructive 
fires to occur. The presence of charcoal as a result 
of forest fires may be readily observed in the Appa- 
lachian hardwood region. 

In Norrland charcoal was present in the upper soil 
layers in such amounts that Hesselman (1916-17: ci) 
concluded that it would be difficult to lay out a single 
square meter in a forest where charcoal could not be 
found. Similarly, Glinka (1914: 295) found in see- 
tions of Asiatic Russia that there was almost no soil 
profile in which charcoal particles did not oceur in 
the upper horizons. 


While the above instances do not give detailed in- 
formation on the occurrence or amounts of charcoal 
in the soil, they do indicate the almost universal pres- 
ence of charcoal in forest soils in the temperate 


regions. 


REVIEW OF LITERATURE 


Few studies have been made on the effeets of char- 
coal on soil properties, in spite of its oceurrence in 
forest soils. Many of the references bearing on this 
problem merely mention some observed effect, no 
data being presented. 

The greatest amount of research on effect of char- 
coal on soil properties has been done in Italy by 
This work has been concerned 
mainly with effect of charcoal on growth of agricul- 
tural crops. 

Verona and Ciriotti (1935) reviewed the work that 
had been done in Italy since 1927 on vegetable char- 
coal as a soil amendment. One study concerning the 
effect of charcoal on the microflora of the soil found 
that the number of microorganisms was increased, 
ammonification was increased proportionally to the 
amount of charcoal added, and that nitrification and 
nitrogen fixation were slightly increased. Another 
study indicated that the addition of charcoal to the 
soil somewhat increased the rate of growth and notice- 
ably improved the quality of beans and corn. The 
ash content of the charcoal was not entirely respon- 
stble for the change as an equal amount of ash, as 
that contained in the charcoal, did not cause such 
improvement when added to the soil. Other studies 
showed improvement of such crops as potatoes, barley, 
and medicinal herbs when chareoal was added to the 
One study of the effect of chareoal on the 
production of tobacco indicated an increase in the 
size of the crop and greater combustibility of the 
It was also found that the improvement of 
the soil caused by the addition of chareoal lasted at 
one in which it was 


various investigators. 


soil. 


leaves. 


least another year besides the 
added. 

studied the effect on 
Their 
primary purpose was to compare their results, using 
animal charcoal, to those of former investigators who 
Their results indicated 


Verona and Ciriotti (1935) 
vegetation of animal charcoal added to soil. 


kad used vegetable charcoal. 
that : 

1. Animal charcoal when added to wheat and bean 
cultures slightly favored growth but was not so 
effective as vegetable charcoal. 
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2. Ammonification of organie substances was 
favored. 


3. Nitrification was favored. 

4. Nitrogen fixation was favored. 

5. Animal charcoal does not show possession of 
disinfectant power in such a great degree as vegetable 
charcoal. 

6. Animal charcoal does not show 
absorb fluids. 

Verona (1938) studied the effect of activated ani- 
mal and vegetable charcoal on the development of 
cereal plants and on its disinfecting power. He con- 
eluded that addition of charcoal to soil in small 
amounts favors their growth, as corn plants 29 days 
old showed a slight weight increase compared to the 
control. [The heaviest seedlings grown in charcoal 
weighed 0.723 grams compared with 0.680 grams for 
the control, or an increase of only 7 percent. | 

When liquid from a culture of fungi was added 
to soil the weights of the seedlings decreased slightly, 
but this detrimental effect was apparently removed 
by addition of activated charcoal, which thus shows 
its germicidal properties. 

Perotti and Verona (1938) reported that addition 
of both animal and_ vegetable 
amounts to cultures was 
microorganisms. 


any ability to 


charcoal in small 
beneficial to growth of 
Charcoal was added to cultures at 
the rate of 0.01 to 1.0 percent by weight. Some of 
their tables indicated a slight increase in weight of 
the organism when from 0.5 to 0.75 percent of char- 
coal was used, but above 0.75 percent a reduction in 
weight was observed. 

In many of the instances observed, particularly in 
the two later papers, only small differences can be 
observed between the check cultures and those treated 
with charcoal. Beeause only the average results are 
reported and no range of data within treatments or 
standard error given, it is difficult to determine 
whether or not these differences are statistically sig- 
nificant. Even if they are significant, as the authors 
believe, these differences may not be of practical 
importanee. 

Glinka (1914) claimed that the podsol soils of cer- 
tain sections of Asiatic Russia have a humus content 
of 6 and 7 percent resulting partly from the presence 
ot charcoal particles, which cannot be removed, and 
partly from the virgin condition of the soil. 

In Sweden, (1916-17: ev) found the 
flora of chareoal-burning grounds to have a 
nitrate content 
found on such 


Hesselman 
high 
and lists a large number of species 
areas. He claimed that nitrification 
must be very active in these charecoa)-burning grounds, 
and an examination showed them to be rich in bae- 
terial life. 

Boyee (1925) reported addition of charcoal to soil 
as a disease prevention measure in a section of the 
Nag Head nursery in the Forest of Dean, Gloucester. 
Two-year-old Sitka spruce (Picea sitchensis (Bong.) 
Carr.) seedlings growing in the treated area were 
killed by heat injury due to excessive surface-soil 
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temperatures, while no such injury oceurred on the 
untreated areas. This, incidentally, is the first record 
of heat injury to forest nursery stock in Great 
Britain. 

Salisbury (1925) noted numerous charcoal hearths 
in the Wyre Forest in England. These hearths vary 
in age from blackened areas with no vegetation to old 
areas with a thicket of shrubs and trees. He stated 
that seedlings developed on the old areas as a result 
of change in the character of the surface soil. The 
conditions on an old hearth favoring development of 
seedlings were believed to be lack of competition, 
reduced acidity, and inereased carbonates and nitrates. 

In the United States the most frequently quoted 
studies concerning the effeets of charcoal on soil are 
those by Retan and others conducted in the forest 
tree nurseries of Pennsylvania. Retan (1914) men- 
tioned an experiment carried out by Bietsch in the 
Mont Alto nursery in Pennsylvania. Production of 
conifer seedlings had been a failure on the heavy 
clay soil, and, in an attempt to improve conditions 
for growth, charcoal residue from old pits was ap- 
plied to the seed beds. The result was a marked 
improvement of growth and the two-year-old seed- 
lings on the treated beds were as large as average 
three-year-olds from untreated beds. A subsequent 
article by Retan (1915a) emphasized the importance 
of chareoal in improving water and air content of 
soil, as well as supplying certain chemical materials 
to it, and loosening and enriching subsoil. 

Data are presented by Retan (1915b) at the Mont 
Alto nursery, indicating an inerease in weight of 
conifer seedlings in beds treated with charcoal over 
seedlings from untreated beds. Damping-off of seed- 
lings seemed to be decreased where large amounts 
of chareoal were added to soil. However, the author 
stated that more experimentation was necessary be- 
fore a definite statement could be made concerning 
the effectiveness of charcoal in controlling damping- 
off. The exact amount of charcoal used in the treated 
beds was not indicated, but after plowing and disk- 
harrowing the area, charcoal was applied in a layer 
three inches deep. Next, paths were shoveled into 
the beds, followed by a shallow spading. These beds 
were reported to drain quickly following heavy rains, 
and to hold moisture during dry periods. Another 
article (Retan 1918) reported the use of a mixture 
of compost and charcoal screenings as a covering for 
seedbeds to eliminate caking at the Greenwood nurs- 
ery in Pennsylvania. 

A brief summary of effects of chareoal on the 
heavy soil of the Mont Alto nursery lists the follow- 
ing benefits (Mont Alto State Forest Tree Nursery 
1930): “(a) better soil texture, (b) less damping- 
off, (¢) better germination, and (d) less heaving.” 

Hartley and Pierce (1917) conducted a single test 
attempting to contro] damping-off by addition of 
chareoal to the soil at the Cass Lake nursery in Min- 
nesota. The experiment proved unsuccessful. 

Bates (1924: 143) found that 


extremes of soil- 


temperature augmented by the presence of charcoal 
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favored germination of lodgepole pine (Pinus con- 
torta Loud.) seed. 

(1930) reported maximum surface-temper- 
atures and heat injury to Douglas-fir (Pseudotsuga 
(LaMarek.) Britt.) 
soil-surface and a surface blackened by charcoal in 
the Wind River Valley, Washington. On May 20 
the temperature of the charcoal-covered surface rose 
to 145° F. and the mineral soil to 125° F. A loss 
of 47 percent of the seedlings occurred on the dark 
area, but no loss was sustained on the light area. 
At the end of three days losses of 100 percent of the 
seed] ngs were reported on the chareoal-covered area, 


Isaac 


taxifolia on a yellow mineral 


and only 16 percent on the mineral soil. Again, in 
an article diseussing changes in soils of the Douglas- 
result of Hopkins 
(1937) emphasized the detrimental effect on establish- 
ment of reproduction in areas blackened by charcoal 


fir region as a fire, Isaae and 


from fires. 

Haig (1936: 56) presented data on losses of west- 
ern conifer seedlings grown on mineral, burnt min- 
eral, duff, and charcoal surfaces due to damping-off 
organisms. Although losses were higher on chareoal 
than on mineral areas, the differences were not quite 
significant. 

Holsoe (1936), in an article concerning the Indiana 
chareoal oven, mentioned the use of charcoal for im- 
provement of nursery soils. In a supplementary 
note, Mr. Boening, forester in the E.C.W. Camp at 
Henryville, Indiana, stated that the charcoal was pro- 
dueed for the purpose of improving the structure and 
moisture-retaining qualities of the heavy clay soil in 
the state nursery at the Clark County State Forest. 

Johnson (1939) used powdered charcoal suecess- 
The 


disease is not 


fully in control of brown root rot of tobaceo. 
nature of the agent of the 
known, but several chemicals having germicidal prop- 


causal 


erties are also effective in controlling the disease. It 
is suggested that control by ehareoal is due to ad- 
sorption of the causal agent. 
(1939) studied base exchange capacity 
and moisture equivalent relations of fresh and weath- 
ered cenifer and hardwood charcoal in and 
fine sandy forest soils of Connecticut. He concluded 
that chareoal increased the base exchange capacity 
but that fresh charcoal caused a higher base exchange 
capacity of the soil than did weathered chareoal. No 
differences were apparent in base exchange capacity 
of either conifer or hardwood charcoal. The moisture 
equivalent value of both coarse and fine sand were 
inereased by addition of charcoal, the increase being 
greater in coarse sand than in fine due to greater 
modification of physical structure of the coarse sand. 
Toumey and Korstian (1942: 281) mentioned char- 
coal as improving the consisteney of a heavy soil and 
ea2using better plant growth, and Wilde (1942: 316) 
stated that charcoal has been advocated for control of 
damping-off, but defiinite information is lacking. 
Alderfer and Merkle (1944) compared effects of 
surface application versus incorporation of various 


Swenson 


coarse 


mulching materials, including charcoal, peat, manure, 
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cornfodder, and leaves on certain soil properties. 
Charcoal seemed to be a less effective mulching mate- 
rial for improvement or maintenance of soil structure 
than the other materials. During dry seasons surface 
application of charcoal increased the moisture content, 
but incorporated charcoal apparently had no such 
effect. Where charcoal was incorporated in the soil, 
runoff was less than in the cheek plots when they 
were in a dry condition; however, when all plots 
were moistened to field capacity charcoal was in- 
effective in reducing runoff. 

Summay of information contained in “Review of 
Literature” : 
Effect of Charcoal on Physical Properties 

1. Establishment of reproduction on areas black- 
ened by forest fires suffers a detrimental effect because 
of heat injury to seedlings from the high surface-soil 
tempcratures. 

2. Water and air content of soil are improved. 

3. Mulching 


less effectively 


or improvement of soil structure is 
done by charcoal than by the usual 
materials such as peat. 
Effect of Charcoal on Chemical Properties 

1. Acidity is reduced. 

2. Content of carbon is inereased. 

3. Base exchange properties are increased (weight 
basis). 

4. Substances toxic to plant growth may be ad- 
sorbed by the charcoal. 
Effect of Charcoal on Biological Properties 

1. Production of beans and corn is improved. 

2. Production of conifer seedlings on a heavy clay 
is improved. 

3. Nitrification, nitrogen-fixation, and ammonifiea- 
tion are inereased slightly. 

4. Microorganisms are increased. 

5. Effects on damping-off of forest tree seedlings 
are uncertain. 


MATERIALS AND METHODS 
SoILs AND CHARCOALS USED 

For the tests of effeet of charcoal on soil prop- 
erties, three forest soils of different textural grades 
were selected. Such a selection was decided upon par- 
ticularly because of the probable difference in change 
of physical properties that charcoal would exert on a 
coarse-textured soil such as sand, and a fine-textured 
soil such as clay. A medium-textured soil also was 
included in the tests. The soils, all belonging to the 
brown podsolic group, were collected in forests near 
New Haven, included a Berlin clay loam, a 

Maltby sendy loam, and a Merrimae sand. 


and 


When the soils were collected, the unincorporated 
humus and herbaceous vegetation were removed from 
the mineral soil. The upper four inches of exposed 
soil were then collected, and all rocks and large roots 
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removed by passing the sample through a 
sieve. 

The content of organic matter, carbon, nitrogen, and 
the carbon-to-nitrogen ratio of the fraction less than 
2 mm. for each of the three soils are presented in 
Table 1. Carbon was determined by the Schollen- 
berger method as modified by Allison (1935). Nitro- 
gen was determined by the Kjeldahl method, and 
organie matter determined by converting content of 
carbon to organie matter by mutiplying by the factor 
1.724 (Waksman 1936: 225). 


coarse 


TABLE 1. Percentage of total nitrogen, carbon, the 
carbon-to-nitrogen ratio, and organic matter of the three 
soils. 














Sor. 
Test Berlin Maltby | Merrimac 
clay loam jeandy loam) sand 
Total nitrogen........ 0.22 | 0.07 | 0.07 
EE ee 3.5 | 3.6 | 1.2 
Carbon/nitrogen ratio. . 15.91 22.86 | 17.14 
Organic matter... ... a 6.1 i 2.8 | 2.1 
Two kinds of chareoal were used in the tests: 


conifer charcoal made from pine wood, and hard- 
wood charcoal made from a mixture of Connecticut 
hardwoods in which oak predominated. 

By a series of siévings, two size classes were ob- 
tained: 2 to 5 mm., and less than 1 mm. 


METHOD OF OBTAINING Sorn-CHARCOAL MIXTURES 
AND CONVERTING DATA FROM AN OVEN-DRY 
WEIGHT TO A VOLUME BAsIs 


Usually moisture content and available nutrients 
- of the soil are expressed as a percentage of oven-dry 
weight. Kramer (1944: 551), in his article concern- 
ing moisture of the soil in relation to plant growth, 
mentioned that the relationship could be expressed 
more advantageously on a volume basis. Roots obtain 
their nutrients and moisture from a certain volume 
and the size of the volume concerned is about the 
same whether the soil has a high or low specific 
gravity. If two soils with a substantial difference in 
specific gravity hold equal volumes of water for equal 
volumes of soil, the one with the lower specific grav- 
ity would appear to have a greater amount of water 
present when the results are presented on a weight 
basis. 

The main objection to expressing data on a volume 
basis is the difficulty encountered in obtaining com- 
parable measurements. For many determinations 
involving water relationships, such as moisture equiv- 
alent and hygroscopic coefficient, and tests of many 
available nutrients, the samples are collected in the 
field, brought into the laboratory, and allowed to be- 
come air-dry before using. If the data obtained from 
the samples are to be expressed on a volume bas's, 
the investigator must determine the volume-weight?! 


1 Volume-weight is the weight of dry soil 


divided by the 
weight of an equal volume of water. 
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of the soil in situ or use samples packed from loose 
soil in the laboratory. It is highly unlikely that the 
volume-weight of soils packed in the laboratory will 
be the same as it would be in the field condition. 
Merely tapping the container with the soil in it will 
usually give a lower volume-weight than that of the 
soil in field condition, whereas a severe compacting by 
mechanieal force may give too high a result. 

In this paper the data will be presented on a vol- 
ume basis unless otherwise indicated. A volume basis 
seems to give better comparative results than a weight 
basis, as the constituents, soil and charcoal, have such 
different volume-weights. 

In order to determine the effects of charcoal on 
soil properties, mixtures of charcoal and soil econ- 
taining 15, 30, and 45 percent charcoal by volume 
were prepared. Preliminary experiments on moisture 
relations of soils and charcoals indicated that such a 
series of mixtures would give linear trends and be 
suitable for statistical analysis. Mixing was gov- 
erned by a weight control in order to eliminate differ- 
ences in packing. 

The materials, soil or chareoal, were poured into a 
100 ce. graduate, packed with moderate foree, and 
then weighed to the nearest hundredth of a gram. 
Twenty such measurements were recorded for each 
soil and each type and size class of chareoal. A 
table was then constructed of weights of equal vol- 
umes of the materials from which the desired volume 
of any of the materials could be computed. How- 
ever, when the soil and charcoal were mixed a volume 
less than the expected 100 ce. was obtained because 
of the different sizes of the soil and charcoal particles. 
Therefore, a correction was made so that the actual 
weights of the constituents used actually brought the 
mixtures to 100 ce. These values represented the 
air-dry weights of the 100 ce. mixtures. Next, oven- 
dry weights of the mixtures were determined so that 
the oven-dry volume-weights could be computed. 

By the application of these figures of oven-dry 
volume-weights for each mixture, data on so‘l prop- 
erties could be converted to a volume basis after the 
values on an air-dry basis had been determined. 


STATISTICAL METHODS EMPLOYED IN ANALYZING 
Data 

Significance between components of the data was 
tested by analysis of variance. The terms “signif- 
icant” and “highly significant” oceur throughout this 
paper. A significant difference means that less than 
one time in 20 is the difference due to chance, and a 
highly significant difference means that less than one 
time in 100 is the difference due to chance. Three 
types of analysis of variance were used in the tests. 

The first test applied to the data was a general 
analysis of variance, designed primarily to test the 
significance between treatments. The treatments in- 
clude such factors as size, type, and percentage of 
charcoal, and type of soil. The data of physical and 


chemical properties of soil in most eases have 39 
combinations, that is, two types and two sizes of 
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charcoal, mixed with three soils in percentages of 
0, 15, 30, and 45 by volume. Each of the 39 com- 
hinations represents one treatment. The data of bio- 
logical properties have 26 treatments as only two soils 
If the difference between treatments proves 
not significant, the conelusion is reached that char- 
coal has no effect on the soil for that particular 
property being tested; however, if the difference be- 
tween treatments proves to be significant, the char- 
coal affects the properties of the soil, and a second 
analysis of variance is used to test the single degrees 
of freedom of the treatments. This is the type of 
analysis used with the factorial experiment. A dis- 
cussion of this method is presented by Yates (1937). 


are used. 


Where the charcoal has essentially the same effect 
on all three soils the 39 treatments were tested to- 
gether. However, if the charcoal had decidedly dif- 
ferent effects on the three soils, the 13 treatments of 
each soil were treated independently so that three 
analyses were made, each with 13 treatments, instead 
of one analysis of the 39 treatments. Linear and 
quadratic relationships were tested by this method, 
but only those treatments containing charcoal were 
included. The controls, soils alone, were not included 
in the test. When a linear relationship was estab- 
lished for the three different percentage groups of 
charcoal, a third analysis of variance to test selected 
linear effects was used. This test determines whether 
or not a linear relationship exists for the control and 
three treatments containing the different percentages 
of chareoal. 

The main effects and important interactions be- 
tween main effects of the various treatments which 
are significant will be discussed. 

The data obtained on the change in reaction of 
soil with the addition of charcoal were expressed in 
terms of pH, and these values were also used in 
the analysis. Soil scientists have not been consistent 
in their analyses of data of soil reaction. Some have 
analyzed the values of hydrogen ion concentration; 
others have analyzed the pH values. 

Before an analysis of the data of reaction was 
undertaken, the proper technique to use was investi- 
gated. The conclusion was that pH data are more 
adaptable to analysis than values of hydrogen ion 
concentration because the standard deviation of pH 
data is approximately the same throughout the range 
of soil reaction tested, a necessary condition for the 
analysis. If the data of hydrogen ion concentration 
are analyzed, the standard deviation will vary through- 
out the range of soil reaction tests, becoming larger 
when the soil Therefore, it is con- 
cluded that pH values should be used instead of 
values of hydrogen ion concentration to test signif- 


is more acid. 


icance between treatments of soil reaction as e¢on- 
ducted in this investigation. 

Tables of statistical analyses for all tests of sig- 
nificance may be seen in the dissertation entitled 
“Effect of Charcoal on Certain Physical, Chemical, 
and Biological Properties of Forest Soils” whieh is in 
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the library of Yale University, New Haven, Con- 
necticut. 


MOISTURE ADSORPTION BY CHARCOAL 


The process of taking up and holding a vapor or 
liquid by charcoal has been termed “sorption,” “ad- 
sorption,” “absorption,” and “chemisorption” by vari- 
ous investigators. The nature of the process involved 
does not seem to be well understood, which no doubt 
contributes to the confusion in terminology. Marshall 
(1935: 38) stated that charcoal is the best known 
example of a substance having great powers of ad- 
sorption for molecules in solution and for gases. 
Throughout this paper the term “adsorption” will be 
used when referring to retention of water vapor or 
water by charcoal, although in citing work by other 
investigators their choices of terms will be respected. 

Factors AFFECTING MOISTURE ADSORPTION BY 

CHARCOAL 

The ability of charcoal to adsorb gases and vapors 
was discovered independently by Scheele and by Fon- 
tana in 1777 (Knudson 1924). Since then many data 
have been collected on this phenomenon and eonflict- 
ing results and theories have been presented. The 
experiments have been with various kinds of char- 
coal, differing in composition in accordance with the 
nature of the parent material (Wohryzek 1937: 11), 
method of charring, and manner of activation. Most 
of the research has been with activated chareoal, as 
it has great adsorptive powers and has many com- 
mercial uses. Knudson (1924) mentioned that during 
the process of charring the mineral content is largely 
transformed to metallie oxides which also possess indi- 
vidual powers of adsorption. ‘In many instances the 
ash content of the charcoal was reduced before start- 
ing the experiment. Different methods of de-ashing 
result in charcoals varying in ash content, and this 
constitutes another factor contributing to the differ- 
ences in results obtained by the investigators. 

The diversified results obtained in the study of 
water adsorption by charcoal are expressed by King 
and Lawson (1934) who stated that although the 
sorption of water by charcoal has been studied more 
than any other substance it has yielded the most con- 
tradictory results. The water vapor is sorbed in 
infinitesimal amounts at low pressures, and apparently 
competes with difficulty with impurities on the sur- 
face of the charcoal, and small quantities of the 
sorbed water are held with great force, some of it 
being held irreversibly. 

Large amounts of some gases are adsorbed by char 
coal. De Saussure found that one volume of beech 
chareoal adsorbed 90 volumes of ammonia gas at 11° 
to 13° C. at 724 mm. of mereury (Mayer 1914: 162). 
Several other gases were studied by him under the 
same conditions and the lowest adsorption rate was 
hydrogen with 1.57 volumes. Water vapor was not 
studied but it is known that the amount adsorbed 
would be low compared with many gases. 
isotherms of 


In studying adsorption vapors of 








88 


methyl alcohol, ethyl alcohol, water, ammonia, and 
methyl amine, Knudson (1924) coneluded that a dif- 
ferent type of phenomenon than adsorption was in- 
volved for water than for the other vapors. He 
suggested that the holding of water vapor by charcoal 
was probably a result of capillary action rather than 
of the surface forces of adsorption. 

Mayer (1914: 162) also coneluded that the ability 
of chareoal in the soil to hold water was a result of 
capillary action. 

Some conditions which have been studied in rela- 
tion to adsorption of water and water vapor by char- 
coal are temperature of carbonization, activation, and 
age of charcoal. 

1. Temperature of carbonization. 

Comparisons of ability of charcoal prepared at dif- 
ferent temperatures of carbonization to adsorb mois- 
ture were made by Violette (Armstrong 1929: 176). 
The temperatures of carbonization used were from 
302° F. to 2,732° F. and a definite decrease in mois- 
ture adsorbed with the increase in temperature of 
carbonization was obtained. At a temperature of 
302° F., 100 parts of charcoal adsorbed 20.862 parts 
of water, and at 2,732° F., 2,204 parts. 

2. Activation of chareoal. 

The ability of activated chareoal to hold greater 
amounts of gases and liquids than unactivated char- 
coal has been known for many years, but the mech- 
anism involved is still not completely understood. It 
was believed that activation consisted in removing or 
preventing the formation of complex hydrocarbons 
which render inactive the points on the charcoal sur- 
face. When air or steam is the activating agent these 
substances are oxidized; chemical activation prevents 
the formation of the hydrocarbons (Burrage 1933a). 
A theory was presented by Burrage (1933a) that 
activation of cellular substances produced pits on the 
cell walls by the destruction of cellulose, while the 
lignin, being more resistant, was less altered. These 
holes or spaces in the surface layer provided more 
surface area for processes of adsorption. 

King (1935) believed that this latter theory did 
not apply to all substances and concluded that, “The 
process of activation is probably a complicated one, 
but consists essentially in the removal by oxidation of 
poisoning hydrocarbons with a consequent freeing of 
valencies and formation of active centers, together 
with a general extension of surface area and increase 
in size of the original pores owing to the removal of 
earbon by oxidation.” 

Hawley (1944: 683) believed ordinary charcoal to 
consist of a primary charcoal on or in which a second- 
ary charcoal or tar coke had been deposited. The 
process of activation removes the tar coke leaving the 
primary charcoal. 

3. Age of charcoal. 

In 1868 Wallace stated that new charcoal could 
hold 80 to 100 pereent water, but old chareoal could 
hold only 30 to 45 percent (Burrage 1933b). Thus 


chareoal loses some of its ability to hold water as it 
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aves 
ages. 


Burrage explained this difference by assuming 
the gradual removal of the “spongy mass” on the sur- 
face of the charcoal pores where the adsorptive pow- 
ers reside. Water gradually washes the particles 
away reducing the adsorptive powers of the charcoal. 

If water is held in charcoal merely by capillary 
attraction rather than by adsorption, as some other 
investigators believe, a reduction in capillary pore 
space would appear to be the reason for the difference 
in ability of new and old charcoal to hold water rather 
than differences in adsorptive powers. 


MotsturRE ADSORPTION BY THE CHARCOAL Usep 
IN THIS STUDY 

Adsorption of water vapor by the two sizes of 
conifer and hardwood charcoal was tested by placing 
a layer one-eighth inch thick of each in open top jars. 
The jars were placed in a moist chamber for a period 
of 14 days. The temperature was about 76° F. and 
the relative humidity about 90 percent. Seven repli- 
cations of each size and type of charcoal were tested, 
and the average percentage of moisture on a weight 
basis is presented in Table 2. 


TABLE 2. 


Adsorption of moisture by echareoals (dry 
weight basis). 





CHARCOAL 


Pe-centege Standard 


Type Size of moisture, error 
Hardwood <Imm. 9 073 +0.06 
Hardwood 2-5rm. 9 202 +0.26 
ee eer: <Imm. 10.906 +0.25 
Conifer 2-5mm. 11.452 +0.20 


Difference in percentage of moisture adsorbed be- 
tween the hardwood and conifer charcoal was highly 
significant, but difference between sizes was not sig- 
nificant for either the hardwood or conifer charcoals. 
The “t” test was used to determine significance. 

The conifer charcoal had greater powers of ad- 
sorption of water vapor than the hardwood charcoal 
when compared on a weight basis. However, this 
difference was not large. Although no signifieant dif- 
ferences in percentage of moisture adsorbed existed 
between the coarse and fine chareoal, the coarse char- 
coal of both types (hardwood and conifer) adsorbed 
slightly more moisture than did the fine charcoal. 


EFFECT OF CHARCOAL ON PHYSICAL 
PROPERTIES OF THREE FOREST 
SOILS 


Chareoal was added to three forest soils in order 
to determine its effect on moisture equivalent, hygro- 
scopie coefficient, and wilting percentage. Ratios of 
moisture equivalent and hygroscopic coefficient to 
wilting percentage are also presented. Effect of char- 
coal on amounts of available moisture in the soil, 
effect on evaporation, and effect of evaporation on 
time required to reach permanent wilting were also 
studied. 
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Much of the experimentation was conducted in the 
laboratory and whenever the total number of treat- 
ments could not be performed simultaneously, as for 
example, moistiure equivalent determination, a 
domized selection of treatments was used. 


ran- 


EFFECT OF CHARCOAL ON MOtsTURE EQUIVALENT 

The moisture equivalent of a soil was first defined 
by Briggs and McLane (1907) as that percentage of 
water which is retained in opposition to a force 3,000 
Briggs and Shantz (1912) 
introduced the use of a force 1,000 times that of grav- 
ity in the determination, and this force is usually 
used today. This is a useful test, as the moisture 
equivalent of a soil may be determined easily and 
quickly in the laboratory and for most 
approximately equal to the field capacity,” with the 
possible exception of the coarsest and finest soils 
(Olmstead and Smith 1938). 

The three soils, sand, loam, and clay, and the two 
types of charcoal in two size classes each were mixed 


times that of gravity. 


soils is 


so that the charcoal composed 15, 30, and 45 percent 
by volume of the total. With the three soils as con- 
trols, 39 combinations or treatments were established. 
Four replications or blocks were run to test the mois- 
ture equivalent values of the treatments. The method 
used was essentially that of Veihmever, Israelsen, and 
Conrad (1924) using 30 grams of the air-dry mix- 
tures, moistening, and centrifuging for 30 minutes at 
2,440 r.p.m. One condition was modified, which was 
to allow the samples to adsorb moisture for 72 howrs 
instead of 24, because from preliminary tests it was 
found that adsorption of moisture by the charcoal 
was incomplete for the shorter period and erratic 
results were obtained. 

Pereentage of moisture was determined in this and 
all other instances where moisture relations are in- 
volved by weighing immediately after centrifuging, 
oven-drving at 103° C. to a constant weight, and re- 
weighing. A general analysis of variance brings out 
highly significant differences between blocks, treat- 
ments, and soils within the treatments. 

The difference in blocks was due to differences in 
temperature of the laboratory at the time the tests 
were run. Two of the blocks were run during early 
summer and two during mid-summer. The latter two 
blocks, having moisture equivalent values of 18.22 
and 18.15, were significantly lower than the former 
two blocks, having values of 19.47 and 19.39, because 
the higher temperature in the laboratory during mid- 
summer reduced the surface tension of the water; 
thus more water could be removed by centrifuging at 
the higher temperature. This variation in moisture 
equivalent values in relation to temperature has been 
noted by Briggs and MeLane (1910). 

The average moisture equivalents of the sand series, 
loam series, and clay series are 11.69, 16.48, and 
28.26, respectively. According to the “t” test, highly 

2 The moisture content at field capacity has been defined by 
Veihmeyer and Hendrickson (1931) as, “the amount of water 
held in the soil after excess gravitational water has drained 


away and after the rate of downward movement of water has 
materially decreased.” 
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significant differences existed between each of them. 

Significant differences between treatments for the 
sand series are as follows: Addition of chareoal in- 
creases the moisture equivalent value, as the average 
value for all treatments containing charcoal is 11.83 
as compared with 10.11 for the sand alone, the dif- 
ference being highly significant. 


Samples containing 
fine charcoal 


value of 12.26, whereas those 
conta‘ning coarse charcoal have a value of only 11.39. 
Hence fine charcoal increases the moisture equivalent 
values of sand more than does coarse charcoal. 


have a 


The addition of charcoal in amounts equalling 15, 
30, and 45 pereent by volume of the total sample 
increases the moisture equivalents at a linear rate of 
10.82, 11.77, and 12.89, respectively, the linear rela- 
tionship being highly signifieant. 

The interaction, type x size, is highly significant, 
the data being presented in Table 3. The treatments 

TABLE 3. Interaction of type x size of 


moisture 
equivalent valves (sand series). 





Size oF CHARCOAL 
Tyre of charcoal 


<Inmm. 2-5mm. 
Hardwood 12.88 10.67 
Conifer 11.64 12.12 


containing fine hardwood charcoal have a_ higher 
value than those containing coarse, but the ones con- 
taining coarse conifer charcoal have a higher value 
than those with fine charcoal. The results obtained 
for the two sizes of conifer charcoal were unexpected. 
As equal weights of both size classes of the same 
type of charcoal adsorb moisture to the same extent, 
it is to be. expected that both types of fine charcoal 
would have higher moisture equivalent values than 
the coarse because equal volumes are concerned, and 
a greater weight of fine charcoal than of coarse makes 
up the same volumes. 

Such a condition was at first believed to be the 
result of more rapid adsorption by the coarse conifer 
charcoal than by the others for some unexplained 
reason, so another series of tests was conducted and 
the attempt made to eliminate 
sorption if such existed. 


differences in ad- 
In this test aerosol was used 
to reduce the surface tension of the water and make 
adsorption easier for all types of charcoal. All other 
conditions were maintained the same. Similar re- 
sults were obtained in this test as in the first one 
where no aerosol was used to reduce surface tension. 
The coarse conifer chareoal again retained more 
moisture than did the fine conifer charcoal, but the 
fine hardwood charcoal retained more moisture than 
the coarse hardwood charcoal. The reason for this 
apparent increase in adsorptive powers or ability to 
hold water against the pull of gravity by the coarse 
conifer charcoal is unknown. 

The interaction, size X linear relationship, is highly 
significant. The data are presented in Table 4. The 
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TABLE 4. Interaction of size x linear relationship 
moisture equivalent values (sand series). 
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TABLE 6. Interaction of size x linear relationship of 
moisture equivalent values (clay series). 





PERCENTAGE OF CHARCOAL 


Size of charcoal 


15 30 45 
Eee 10.94 12.14 13.70 
NE Aa Ag. on odd 10.71 11.40 12.08 


addition of fine charcoal to sand increases the mois- 
ture equivalent at a greater rate than does the coarse 
charcoal when added to sand. 

Significant differences between treatments for the 
loam series are as follows: Addition of charcoal in- 
creases the moisture equivalent values of the loam. 
The loam itself has a value of 15.69, but the average 
value for all treatments containing charcoal is 16.55, 
a highly significant difference. Fine charcoal increases 
the moisture equivalent values to a greater extent than 
does coarse, the values of the treatments being 17.13 
for those with fine as compared with 15.97 for those 
with coarse. 

Table 5 presents the interaction, type X size, which 
is highly significant. Here again, as was found for 
moisture 


TaBLE 5. Interaction of type x size of 


equivalent values (loam series). 





S1zE oF CHARCOAL 


the sand series, addition of coarse conifer charcoal 
results in a higher value than that of the fine, and 
the fine. hardwood charcoal has a higher value than the 
coarse charcoal. 

Significant differences between treatments for the 
clay series are as follows: Addition of charcoal re- 
duces the moisture equivalent. Clay has a value of 
31.57, but the average value of all treatments con- 
taining charcoal is 27.98, a highly significant differ- 
ence. Samples containing fine charcoal have a higher 
value than the coarse: 28.55 as compared with 27.41. 
Thus coarse charcoal is more effective in reducing the 
moisture equivalent values of clay than fine charcoal. 
Addition of chareoal in amounts of 15, 30, and 45 
percent by volume reduces the moisture equivalent at 
a highly significant linear rate from 28.90 to 27.70 
to 26.52 with increase in the amount of charcoal. 

The only significant interaction, size X< linear rela- 
tionship, is shown in Table 6. The increase of coarse 
charcoal in the sample reduces the moisture equivalent 
at a greater rate than does the increase of fine 
charcoal. 

Linear regressions were indicated as highly signif- 
icant in two of the analyses by the factorial method 
for the treatments containing 15, 30, and 45 percent 


PERCENTAGE OF CHARCOAL 

15 30 | 45 
29.78 28.05 | 27.83 
29.66 27.35 25.22 


Size of charcoal — 


ni SR ae 
2-5... 3.55. 


charcoal. However, the regression analysis goes a 
step further and includes the soils without charcoal, 
a treatment not considered in the former analysis, 
and the treatments containing charcoal which are 
grouped by percentage. 

The regression lines are plotted in Figure 1. They 
indicate that addition of charcoal increases the mois- 
ture equivalent of sand, slightly increases that of 
the loam, and causes a substantial reduction in the 
moisture equivalent of the clay. This linear regres- 
sion is real and not due to chance, according to the 
regression analysis. 
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Fig. 1. Effect of chareoal on moisture equivalent val- 


ues of three soils. Types and size classes of charcoal are 
grouped by percentage. 


EFFECT OF CHARCOAL ON HyGROSCOPIC 
COEFFICIENT 
Hygroseopic water is that water remaining in the 
soil after capillary water has been removed. This 
water is held tightly by the soil particles and moves 
only in the vapor state. The term “hygroscopic co- 


efficient” designates the upper limit of this type of 
It is determined by exposing soil to air 


water. 
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saturated or nearly saturated with water vapor for a 
suitable period of time. 

The method employed was to expose a thin layer 
of the material to be tested to an atmosphere having 
a humidity of 98 pereent for 5 days. The mixtures 
were placed in shallow open-top jars and these were 
set in a glass chamber. A super-saturated solution 
of CaSO4.5H»O was placed in the bottom of the 
chamber which was maintained at a constant temper- 
ature of 20.0° C. + 1.0. By this method a humidity 
of 98 percent was maintained. After five days ex- 
posure the samples were removed, weighed, oven- 
dried, and reweighed to determine the percentage of 
moisture. 

A block of the 39 treatments composed of three 
soils and mixtures of the soils, and two kinds and 
sizes of charcoals added to the soils to comprise 15, 
30, and 45 percent of the total volume, were tested 
simultaneously. The experiment was performed in 
triplicate. 

A general test of analysis of variance indicates 
significant differences between blocks and highly sig- 
nificant differences between treatments and_ soils 
within the treatments. This difference between blocks 
is very small and of no practical importance. Un- 
doubtedly slight but consistent temperature differ- 
ences between blocks during the exposure was the 
responsible factor. 

Comparison of the soil series by the “t” test proved 
each soil series differed from the others in a highly 
significant manner. The hygroscopic coefficients of 
the sand series, loam series, and clay series are 1.94, 
2.54, and 5.04, respectively. 

Significant differences between treatments for the 
sand series are as follows: Addition of charcoal in- 
creases the hygroscopic coefficient, as the average 
value for all treatments containing charcoal is 1.97 
as compared with 1.56 for the sand alone. Sand sam- 
ples containing hardwood charcoal have a value of 
2.03, whereas those containing conifer charcoal have 
a value of 1.91; thus hardwood charcoal is 
effective than conifer charcoal in inereasing the 
hygroscopic coefficient of sand. Samples containing 
fine charcoal have an average value of 2.08, but those 
with coarse charcoal a value of only 1.86, the differ- 
ence being highly significant. The inerease of the 
hygroscopic coefficient was linear with the addition 
of charcoal, to comprise 15, 30, and 45 percent by 
volume of the total sample, the values being 1.77, 
2.00, and 2.13, respectively. 

Significant differences between treatments in the 
loam series are as follows: Loam samples containing 
1ardwood charcoal have a hygroscopic coefficient of 
2.63, whereas those containing conifer charcoal have 
a smaller value of 2.44. Fine charcoal in the treat- 
ments causes high hygroscopic coefficients than coarse 
chareoal, the values being 2.71 as compared to 2.36. 
The addition of charcoal in amounts equalling 15, 30, 
and 45 percent by volume of the total sample increases 
the hygroscopic coefficients from 2.42 to 2.48 to 2.71, 
a highly significant linear trend. 


more 
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The interaction, type X size, is highly significant, 
the results being presented in Table 7. Thus the de- 
crease in hygroscopic coefficients from the smaller to 
the larger size class is greater for the hardwood 
charcoal than for the conifer when both are added 
to loam in equal volumes. 


TABLE 7. Interaction of type x size of hygroscopic 
coefficient values (loam series). 





Size oF CHARCOAL 
Type of charcoal ——_—_———-)- 
< Imm. 





2-5mm. 
Hardweed.............. 2.86 2.39 
ce ee 2.55 2.33 


The interaction, size x linear relationship, is sig- 
nificant and presented in Table 8. The increase in 


TABLE 8. Interaction of size x linear relationship of 
hygroscopic coefficient values (loam series). 





PERCENTAGE OF CHARCOAL 


Size of charcoal 


15 30 | 45 
ee 2.61 2.97 
pe 2.20 2.35 2.44 


hygroscopic coefficient values is greater for the sam- 
ples containing the smaller size of charcoal than for 
those containing the larger size, and the slope of a 
line plotted for the treatments containing fine char- 
coal would be steeper than that of a line plotted for 
the treatments containing coarse charcoal. 
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values of three soils. Types and size classes of charcoal 


are grouped by percentage. 
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Significant differences between treatments in the 
follows: Addition of charcoal to 
clay decreases the hygroscopic coefficient in a highly 
significant manner, as the samples containing char- 
coal have a value of 4.99 and the clay itself has a 
value of 5.64. Coarse chareoal decreases the hygro- 
scopic coefficient of clay to a greater extent than 
Samples containing fine charcoal 
have a hygroscopic coefficient of 5.13 and those with 
coarse charcoal only 4.85. 


clay series are as 


does fine chareoal. 


The difference is highly 
Addition of chareoal in amounts equal- 
ling 15, 30, and 45 percent of the total sample causes 
a linear decrease in the hygroscopic coefficient, the 
values being 5.23, 5.01, and 4.73, respectively. 


significant. 


Linear regression is highly significant for the three 

The regression lines are plotted in Fig- 

ure 2. They indicate a substantial increase in the 

hygroscopic coefficient when charcoal is added to 

sand, a slight inerease when added to loam, and a 
substantial decrease when added to elay. 


soil series. 


EFFECT OF CHARCOAL ON WILTING PERCENTAGE 

The wilting percentage of a soil is a term used to 
designate the percentage of moisture in the soil at 
the time permanent wilting of a plant oceurs. The 
moisture below this amount is unavailable to the plant 
and that above it is available. The term “wilting 
coefficient” was used by Briggs and Shantz (1912) 
for a similar measurement of soil moisture. They 
defined the wilting coefficient as “the moisture con- 
tent of a soil (expressed as a percentage of the dry 
weight) at the time when the leaves of a plant grow- 
ing in that soil first undergo a permanent reduction 
in their moisture content as the result of a deficiency 
in the soil-moisture supply.” 

Since then other investigators have used terms such 
as “wilting percentage,” “wilting point,” and “per- 
manent wilting percentage” to indicate a similar con- 
tent of moisture in the soil. Hedgeock (1902) used 
the term “limit of physiological water” to indicate 
the same condition. 

The term “wilting percentage” will be used in this 
paper. In order to be consistent with other 
moisture relationships studied, the percentage of 
moisture in the soil at the time of wilting of the plant 
will be expressed on a volume basis. 

Thirty-nine treatments were tested including three 
soils and combinations of them with two types of 
charcoal in two size classes, so that mixtures having 
charcoal in amounts of 15, 30, and 45 pereent by 
vclume obtained. The experiment was _ per- 
formed in triplicate in the greenhouse. Block I was 
tested during the month of July 1943, Bloek IT dur- 
ing the month of September 1943, and Block IIT 
during the month of January 1944. The soils and 
charcoals were mixed and placed in eylindrieal glass 
containers having a volume of 175 ee. The 
charcoal mixtures were then 
to stand 48 hours before using. 


soil- 


were 


soil- 


saturated and allowed 
The containers were 
covered with black paper to prevent light from reach- 
ing the roots, and placed in a randomized manner in 
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wooden flats filled with sand, so that all but. one-half 
inch of the top of the containers was buried. The 
sand surrounding the containers was watered through- 
out the test in order to prevent large fluctuations in 
temperature of the soils and mixtures. Four sun- 
flower (Helianthus sp.) seeds were sown in each con- 
tainer, and after germination was complete all the 
seedlings but one were removed. When the sun- 
flowers had produced three sets of leaves, the surface 
of the soils was covered with a mixture of paraffin 
and petrolatum to prevent exchange of moisture be- 
tween the atmosphere and the soil. The wilting per- 
centage was established by allowing the lower set of 
leaves of the plants to wilt until they could not be 
restored to their normal state of turgidity by ex- 
posing them in a moist chamber nearly saturated 
with water vapor. As soon as the percentage of 
moisture in the soils and mixtures was judged to 
have attained the wilting percentage, the container 
was emptied, the upper one-half inch of soil dis- 
carded, the roots removed with tweezers, and the soil 
placed in cans and weighed. This entire operation 
took only a few seconds and any loss by evaporation 
from the exposed soils was negligible. Removal of 
the soil near the surface was necessary as a high per- 
centage of moisture appeared to exist there; this 
would have caused the wilting percentage values to 
be too high. Few roots were present in the portion 
of soil removed. 

The general analysis of varianee indicates highly 
significant differences between blocks, treatments, and 
soils within treatments. 

Blocks I, II, and TIT have wilting percentages of 
7.11, 7.38, and 8.01, respectively. The difference be- 
tween Bloeks I and IT is significant; the differences 
between both Blocks IT and ITI, and Blocks I and 
III are highly significant. As the tests were con- 
ducted at different times of the year, it appears that 
differences in atmospheric conditions are responsible 
for the differencés between blocks. 

The temperature of the greenhouse was warmest 
when Block I was being tested and coolest when 
Block III was being tested. This difference in mean 
temperature was approximately 17° F. As the high- 
est wilting percentage oceurred during the coldest 
weather and the lowest during the warmest weather, 
it is believed that the difference in temperature is 
responsible for the differences in wilting percentages 
between blocks. 

Highly significant differences exist between each of 
the three soil series, the wilting percentages of the 
sand, loam, and clay series being 4.20, 5.74, and 
12.57, respectively. 

Significant differences between treatments of the 
sand series follow. Addition of charcoal increases 
the wilting percentage as the average value for all 
treatments containing echareoal is 4.27 as compared 
with 3.33 for the sand alone. Hardwood charcoal is 
more effective in raising the wilting percentage of 
the sand than is the conifer, as treatments containing 
hardwood charcoal have a value of 4.56, but those 
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containing conifer charcoal have a value of only 3.98. 
Chareoal added to the sand in amounts equalling 15, 
30, and 45 percent by volume of the samples increases 
the wilting percentage at a linear rate. 
are 3.73, 3.96, and 5.13, respectively. 
Significant differences betwen treatments for the 
loam series are as follows: Samples containing hard- 
wood charcoal have a value of 6.03 and those with 
conifer charcoal a value of 5.48; thus hardwood char- 
coal increases the wilting percentage more than coni- 
fer, when equal volumes are added to*loam. Addition 
of charcoal in amounts equalling 15, 30, and 45 per- 
cent of the total sample causes a significant linear 


The values 


increase in the wilting percentage, the values being 
5.55, 5.68, and 6.04, respectively. 

One interaction, type X linear relationship, is sig- 
nificant, the values being presented in Table 9. Thus 


TABLE 9. Interaction of type x linear relationship of 
wilting percentage values (loam series). 





PERCENTAGE OF CHARCOAL 


Type of charcoal ———- me 


15 | 30 45 
Hardwood. ........... 5.58 5.92 6.59 
Conifer. . . §.52 5.44 5.94 


the wilting percentage of loam soils containing hard- 
wood charcoal increases at a faster rate than do those 
containing conifer charcoal when equal volumes of 
the charcoals are added to the loam at an increasing 
rate. 

Significant differences between treatments for the 
clay follow. Addition of charcoal to clay decreases 
the wilting percentage, the difference being highly 
significant. Samples containing charcoal have an 
average value of 12.44, whereas those without char- 
coal have an average value of 14.03. Fine chareoal, 
when added to clay, decreases the amount of moisture 
in the at the time of wilting more than does 
coarse charcoal; the values are 12.77 for the coarse 
and 12.12 for the fine chareoal. Additions of char- 
coal amounting to 15, 30, and 45 pereent of the total 
volume of the sample reduce the wilting percentage 
ina linear manner. The values are 12.96, 12.36, and 
12.01, respectively. This linear trend is significant. 

Linear regression is highly significant for the sand 
series and significant for the loam and t’:e clay series 
when both controls and treatments containing char- 
coal are considered. 
Figure 3. 


soil 


Regression lines are shown in 
These three lines indicate mainly that 
addition of charcoal increases the wilting percentage 
of sand to a noticeable extent, but that the value for 
loam is only slightly raised; the value for clay is 
reduced to about the same extent that the sand is 
increased. 

The data for moisture equivalents and hygroscopic 
moisture all indicate highly significant differences be- 
tween treatments containing fine charcoal and those 
containing coarse charcoal for all three soil series. 
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ues of three soils. Types and size classes of charcoal are 
grouped by percentage. 


The treatments with fine charcoal were higher in each 
instance. This difference is caused largely by the 
amount of fine charcoal than coarse, by 
weight, in equal volumes. As both sizes of charcoal 
are able to adsorb approximately equal amounts of 
water vapor for equal weights, these results seem 
reasonable. 


greater 


An examination of the data concerning wilting per- 
centages indicates that the relationship of moisture 
content between soils containing coarse and those con- 
taining fine charcoal is not the same as occurred in 
the moisture equivalent and hygroscopic moisture 
data. The difference between wilting percentage of 
treatments containing the two sizes of charcoal is 
significant in the clay series, but larger amounts of 
moisture are held when the coarse charcoal particles 
are present. Difference between sizes is not signif- 
icant in the sand series, although here, too, treatments 
containing coarse charcoal hold a larger amount of 
moisture at the wilting percentage. In the loam 
series slightly more moisture is contained in the treat- 
ments containing fine charcoal, but the difference is 
not significant. 

Thus, soils containing coarse charcoal tend to hold 
more moisture when wilting of plants occurs than do 
soils containing fine charcoal, and this tendeney is 
emphasized when equal weights of charcoal in the 
The 


soil rather than equal volumes are considered. 


reason is that moisture held by the coarse charcoal is 
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iess available to the plants than that held by the fine 
charcoal. The roots do not penetrate into the char- 
coal particles, and the moisture in the large granules 
is apparently held more tightly by ecapillarity than 
in the fine. If coarse charcoal did not hold propor- 
tionately more moisture than fine at the wilting per- 
centage, values similar to those obtained by the 
moisture equivalent and hygroscopic coefficient would 
oceur for the wilting percentage values; that is, the 
treatments containing fine chareoal would be signif- 
icantly higher than those with coarse charcoal. 


EFFECT OF CHARCOAL ON RATIOS OF MOISTURE 
EQUIVALENT TO WILTING PERCENTAGE 

Determinations of ratios of the moisture equivalents 
to wilting percentage have been determined for many 
soils of different textures, and although Briggs and 
Shantz (1912) concluded that the relationship was 
1.84, most other investigators have obtained no 
such consistent results. Veihmeyer and Hendrickson 
(1931) found that ratios of the moisture equivalents 
to the wilting percentage were quite variable, as high 
and low ratios were found with sands, loams, and 
clays. 

Wide ranges in ratios of moisture equivalent to 
amount of moisture in the soil when wilting occurs 
have been established by Veihmeyer and Hendrickson 
(1934) and Dunean (1939). The former investigators 
tested more than 100 soils and obtained ratios from 
1.39 to 3.82. Dunean found ratios from 1.57 to 5.65 
for three soils from the Duke Forest. 

In spite of such differences, the ratio is a valuable 
one, as moisture equivalents may easily be deter- 
mined and the approximate wilting percentage estab- 
lished from them. Thus the moisture equivalent 
divided by 1.84 is an indirect method of obtaining the 
wilting percentage. Where extremely accurate in- 
formation is needed the wilting percentage may be 
established directly, but the method is time-consuming 
and the exact time when the wilting percentage has 
been reached is difficult to determine. 

The effect of chareoal on the ratio of moisture 
equivalent to wilting percentage was tested by ob- 
taining ratios for each treatment in each block. The 
value of each treatment in the first three blocks of 
the moisture equivalent tests was divided by the value 
of the corresponding treatment in the block of the 
same number of the wilting percentage tests. A gen- 
eral analysis of variance indicates that differences 
between blocks, treatments, and soils within treat- 
ments are all highly significant. The difference be- 
tween blocks of the ratios largely reflects differences 
hetween blocks of the wilting percentages. The ratios 
for the soil series are: 

Sand series 2.91 
Loam series 2.93 
Clay series 2.29 

The sand and loam series differ significantly from 

each other, but the clay series differs in a highly sig- 


moisture equivalent 
3 = 


wilting coefficient 





1.84 (1.0 + 0.007) 
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nificant manner from each of the other two. Henee 
a lower moisture equivalent in relation to the wilting 
percentage is indicated for the clay series than for 
the other two. 

Three main facts concerning the effect of chareoal 
on the ratios are brought out by the general analysis 
of varianee. First, addition of charcoal, when the 
types, size classes, and percentages are grouped, has 
no effect on the ratios obtained for the three soils. 
Second, all the treatments containing conifer char- 
coal have higher ‘ratios than do those containing hard- 
wood chareoal, although the difference is significant 
only in the sand and loam series. The ratios for the 
sand 3.10 for the treatments containing 
conifer charcoal and 2.70 for those eontaining hard- 
wood echareoal; for the loam series, 3.07 for treat- 
ments when conifer charcoal has been added and 2.81 
when hardwood charcoal has been added. No signif- 
icant differences between types of charcoal in the 
treatment existed in the moisture equivalent tests. 
In the wilting percentage tests the treatments in all 
three soil series containing hardwood charcoal had 
higher values than those containing conifer charcoal, 
although only two of the series, sand and loam, were 
significant. Thus, due to lack of differences of mois- 
ture equivalents between treatments containing the 
two types of chareoal, but higher wilting percentages 
in the treatments containing hardwood chareoal, a 
larger ratio is obtained for the soils when conifer 
charcoal has been added. 


series are 


Third, the treatments containing fine charcoal have 
higher ratios than those with coarse charcoal for all 
The difference between ratios of 3.13 
for the fine and 2.67 for the coarse chareoal in the 
sand series is highly significant; the difference be- 
tween 2.40 for the fine and 2.21 for the coarse char- 
coal in the clay series is significant. This difference 
between ratios reflects the higher moisture content in 
the soils containing coarse chareoal when the wilting 
percentage is reached than occurs between types in 
the moisture equivalent data. 


three soil series. 


EFFECT OF CHARCOAL ON Ratios oF HyGRoscoPic 
COEFFICIENT TO WILTING PERCENTAGE 

Another indirect method of determining the wilting 
percentage of the soil is by use of the hygroscopic 
coefficient. However, this method is rarely used as 
the value of the coefficient depends largely upon the 
method used in its determination. Briggs and Shantz 
(1912) gave the following relationship between the 
hygroseopie coefficient and the wilting percentage: 


Hygroscopic coefficient 





= wilting coefficient 
0.68 + 0.012 

A similar method of obtaining this ratio was used 
as in the determination of the ratio discussed in the 
preceding section, the only difference being the sub- 
stitution of the hygroscopic coefficient for the mois- 
ture equivalent. A general analysis of variance 
indicates highly significant differences between blocks, 
treatments, and soils within treatments. The differ- 
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ence between blocks of this ratio is largely a reflec- 
tion of differences between biocks of the wilting 
pereentage tests. 

The ratio of hygroscopic coefficient to wilting per- 
centage for the soil series follows: 

Sand series 0.48 

Loam series 0.44 

Clay series 0.40 
Differences between series by pairs are all real and 
not due to chance. 

Two principal faets are brought out by the anal- 
ysis of variance. First, addition of charcoal has no 
effect on the ratio. Second, the ratio for the treat- 
ments containing fine charcoal is larger than that for 
the coarse for all soil series, the difference being 
highly significant in the sand series and loam series, 
and significant in the clay series. 
presented in Table 10. These 


These ratios are 
differences in ratios 
TABLE 10. Ratio of hygroscopic coefficient to wilting 


percentage values for soils containing two different sizes 
of charcoal particles. 





S1zE oF CHARCOAL 


Soil ——— —— 
| < 1mm. 2-5mm. 
EET x 0.52 0.43 
Oe oan re ce AT -42 
ee ae bichon -42 .38 


between soils containing the two different size classes 
of charcoal are caused by the greater amount of 
moisture retained in the coarse chareoal than in the 
fine when the wilting percentage is reached, as com- 
pared with the differences in amount of moisture held 
by the same two size classes of charcoal at the hygro- 
scopic coefficient. 

Chareoal when added to the soil will have no effect 
on either of the above-mentioned ratios if fine as well 
as coarse particles are added, but if the charcoal 
added consists wholly or largely of coarse particles, 
the ratios will be lowered. 


EFFECT OF CHARCOAL OF AVAILABLE MOISTURE 
IN THE SOIL 


The effect of charcoal on amount of available mois- 
ture in the three soils was determined by differences 
between moisture equivalents and the wilting percent- 
ages of the soils and soils containing charcoal. No 
distinction was made between types and sizes of 
charcoal as the values were obtained from the regres- 
sion lines of moisture equivalents and wilting percent- 
ages (Figures 1 and 3). Actually, the moisture in 
the soil available to the plant is considered to be that 
between field capacity and the wilting percentage. 


Veihmeyer and Hendrickson (1931) presented data 
showing, “that the moisture equivalent can be used 


to indicate the field capacities of deep, drained soils 
with no decided changes in texture or structure, with 
moisture equivalents ranging from about 30 pereent 
down to about 12 or 14 percent.” They found that 
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below 12 percent the moisture equivalent seems to be 
lower than field capacity. Edlefsen and Anderson 
(1943: 33) also stated that for most soils the mois- 
ture equivalent is a fairly accurate method of eval- 
uating field capacity. 

The soils used in this experiment had moisture 
equivalents ranging from 7.54 to 33.81 on a weight 
basis. This range is somewhat greater than that sug- 
gested by Veihmeyer and Hendrickson, but as differ- 
ences in available moisture between soil and _soil- 
charcoal mixtures which are not extremely large are 
concerned, and not differences in available moisture 
between soils, satisfactory comparative results should 
be obtained. The results of available moisture in the 
soils and soil-charecoal mixtures are presented in 
Table 11. From this table it is evident that addition 


TABLE 11. Effect of charcoal on percentage of avail- 
able moisture in soils. (Volume basis. Sizes and types 
of charcoal combined by percentage.) 





| PERCENTAGE OF CHARCOAL ADDED 


Sol = |——— a 
0 15 30 45 
ee | 6.7 | 7.1 7.5 | 7.9 
| ee nee oe | 10.6 10.6 10.6 | 10.6 
oe atraeniee | 17.8 16.6 15.4 | 14.2 


of charcoal to sand increases available moisture to a 

limited extent, that it has no effect on loam, and that 

the amount of available water is reduced in the elay. 

EFFECT OF CHARCOAL ON RATE OF EVAPORATION OF 
MorIstuRE FROM Soin 

In order to test the effect of charcoal on the rates 
of evaporation of moisture, soils and mixtures of soil 
and charcoal were set up in the greenhouse. The 
samples were moistened and loss of moisture by 
evaporation measured. 

The three soils, sand, loam, and clay, were mixed 
with hardwood and conifer charcoal of less than 1 
mm. and from 2 to 5 mm. sizes in such a manner 
that the charcoal occupied 15, 30, and 45 percent of 
the volume. These combinations with a control in- 
cluded for each of the soils make a total of 39 sam- 
ples or treatments. The soils and mixtures were 
placed in No. 2 tin cans which have a volume of 
about 600 ce. The cans were filled to within three- 
eighths inch of the top. All treatments were mois- 
tened with 225 ce. of tap water, which is about the 
amount required to saturate the volume of sand used, 
and then weighed. After adding the water the cans 
were covered for two days to allow moisture distribu- 
tion to attain an equilibrium. Next, the cans were 
reweighed and in some instances slight amounts of 
water had evaporated and were replaced. The treat- 
ments were then placed in a randomized manner on a 
bench and evaporation allowed to proceed for a 30- 
day period. Two blocks or duplicate replications of 
all 39 treatments were tested. The first block was 
tested from July 1 to July 31, 1944; the second one 
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from August + to September 3, 1944. Essentially 
the same method was used by Fuestal and Byers 
(1936) in their work with peat and soil mixtures. 

A general analysis of variance indicates highly 
significant differences between blocks and _ between 
treatments. The samples in Block I lost an average 
of 195.9 grams; those in Block IT lost an average of 
198.4 grams. The difference is to be expected as the 
two blocks were not tested simultaneously, and merely 
indicates that conditions were more favorable 
evaporation during the testing of Block IT. 

The significant differences between treatments are 
as follows: Highly significant differences exist be- 
tween the controls and treatments containing char- 
coal. The controls lost an average of 203.4 grams of 
water and the treatments containing charcoal lost an 
average of 196.6 grams. Thus addition of charcoal 
reduced slightly the loss of moisture by evaporation. 

Differences in loss by evaporation between the three 
soil series are highly significant. The results are as 
follows: 


for 


Sand series 


210.1 grams 
Loam series 205.4 grams 
Clay series 175.8 grams 


This illustrates that the finer the texture of the soil 
the slower the rate of evaporation when equal amounts 
of water are concerned. 

Only one interaction is significant, that one being 
| (loam + sand) vs. clay] Xx linear relationship. The 
results are as presented in Table 12. The difference 


TABLE 12. Interaction of [(loam + sand) vs. clay] x 
linear relationship of loss of moisture by evaporation. 





PERCENTAGE OF CHARCOAL 


Soil —— ;————— 
15 30 45 
Loam +.sand : 210.7 207 .6 203.2 
Clay..... ae 177.2 175.1 174.0 


between percentage classes is greater 
and sand than for the clay. Hence addition of char- 
coal to the and loam tends to reduce the 
evaporation to a greater extent than it does when 
edded to elay. 

The fact that the interaction (loam + sand) X 
linear relationship is not significant indicates that 
both the sand and loam are affected to about the 
same extent as regards loss of moisture by the addi- 
tion of charcoal. 

Smoothed curves showing the amount of water 
evaporated from the sand and charcoal mixtures are 
presented in Figure 4, and a similar set of curves 
showing amount of water evaporated from the clay 
and charcoal mixtures are presented in Figure 5. 
Slight differences actually occurred in moisture loss 
during the first few days, but the differences are so 
slight that they cannot be differentiated by curves at 
the seale used. These curves emphasize chiefly two 
results already noted in the discussion of the data. 


for the loam 


sand 
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First, a decrease in loss of moisture by evaporation 
with the addition of charcoal to soils; and second, 
the greater abilitv of charcoal to decrease loss of 
moisture by evaporation in light sandy soils than in 
heavy clay soils. 
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charcoal is not effective in decreasing loss of mois- 
ture by evaporation during the first eight days when 
added to sand, and during the first 15 days when 
added to clay. 

Although the actual data obtained will apply only 
when conditions are identical to those existing during 
the test, it can be concluded that under shaded con- 
ditions in nature, charcoal in the soil will reduce the 
rate of evaporation when the moisture content is low, 
and that it will reduce it more effectively in a sandy 
than in a elay soil. 


EFFECT OF EVAPORATION ON TIME REQUIRED TO 
REACH THE WILTING PERCENTAGE IN SOIL 
AND CHARCOAL MIXTURES 

The above data concerning the effect of charcoal on 
physical properties of forest soils have indieated, 
among other things, that chareoal inereases the wilt- 
ing percentage of coarse-textured soils, decreases the 
wilting percentage of fine-textured soils, and reduces 
the rate of evaporation for the three soils, under 
greenhouse conditions. If evaporation for all treat- 
ments were equal (a false assumption), the wilting 
percentage of the fine-textured soils containing char- 
coal would be reached later than that of the soils 
themselves, where equal amounts of water are con- 
cerned, because of the reduced wilting percentage 
when charcoal is added; but the wilting percentage of 
coarse-textured soils containing charcoal would be 
reached more quickly than that of the soils themselves, 
as charcoal increases the wilting percentage of such 
soils. 

Because charcoal reduces the rate of evaporation 
the wilting percentage of the clay itself will actually 
be reached sooner than that of clay containing char- 
coal; but as it was not known whether the reduction 
in evaporation caused:by charcoal was enough to off- 
set the increased wilting percentage of the sand and 
loam, and allow available soil moisture for equal 
periods of time, an investigation was conducted with 
the data available. All three soils were tested. 

The data on loss of moisture by evaporation for 
all 39 treatments were converted to percentage of 
moisture in the soil, on a volume basis, for the entire 
30-day period during which the evaporation test was 
conducted. Curves were then drawn for each treat- 
ment. The wilting percentage, on a volume basis, 
was located on the curve, and from this the number 
of days required to reach the wilting percentage was 
determined. Figure 6 is a sample to indicate the 
The curve “A” represents the percent- 
age of moisture on a volume basis contained in the 
treatment being tested. The wilting percentage, “B,” 
of the same treatment is found on the ordinate which 
indicates moisture content. A line parallel to the 
Next, a line 
parallel to the ordinate at the point where the curve 
was intersected is drawn downward to intersect the 
abscissa. The number of days, “C,” is read off the 
seale at the point of intersection. For the conditions 
shown, the treatment has a wilting percentage of 4 


method used. 


abscissa is drawn to intersect the curve. 
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percent (point “B”). The curve representing the 
moisture contained in the soil is intersected, and the 
number of days at this point is 22 (point “C”). 
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ing number of days required for evaporation to reduce 
moisture content to the wilting percentage. A. Percent- 
age of moisture in soil (volume basis). B. Wilting per- 
centage of treatment (volume basis). C. Number of 
days required for evaporation to reduce moisture content 
to the wilting percentage. 


In a like manner data of number of days required 
to reach the wilting percentage were obtained for the 
39 treatments. Highly significant differences exist 
between treatments without charcoal and those with 
it; the soils themselves require 17.3 days to reach 
their wilting percentage, and the soils with charcoal 
added require 19.2 days. Thus addition of charcoal 
to the soil increases the number of days before the 
wilting point is reached under the conditions of 
evaporation studied in the experiment. 

A highly significant linear relationship exists be- 
tween the percentages. The addition of charcoal in 
amounts of 15, 30, and 45 percent by volume increases 
the length of time before the wilting percentage is 
reached, the average number of days being 18.2, 19.5, 
and 20.0, respectively. 

The use of equal volumes of water in soils and 
soil-charcoal mixtures for measuring evaporation loss 
may be justly criticized. Addition of charcoal to a 
coarse-textured soil increases the field capacity and, 
under actual conditions, loss from evaporation would 
start when the moisture content of the soil was some- 
where near that point; at least any loss of gravita- 
tional water by evaporation would be of no concern. 
Then, instead of starting the evaporation test of all 
treatments with equal amounts of 


water, amounts 
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corresponding to the field capacity could be used. 
However, even in coarse-textured soils, charcoal in- 
creases the number of days required to reach the 
wilting point because of the reduction in evaporation 
caused even when equal amounts of water were used. 
So, if amounts of water used approximated field 
capacity, larger amounts of water would have to be 
used in the treatments containing chareoal in the sand 
series and loam series, and an even longer time would 
be required to reach the wilting point of those two 
soils with incorporated charcoal. For this reason, the 
length of time required to reach the wilting point is 
conservative for sand and loam. 

With clay, however, the field capacity is reduced 
by addition of charcoal and much less conservative 
results would be obtained if amounts of water equiv- 
alent to field capacity were used rather than equal 
amounts. 

It must be remembered that the results obtained 
apply only to conditions approximating those under 
which the evaporation experiment was conducted. 
Similar conditions in the field would require the 
presence of bare mineral soil, no direct sunlight, and 
no vegetation, a highly unlikely situation. 

Actually, loss of water from plants by transpira- 
tion, color of surface-soil, intensity of direct insola- 
tion, and thickness of unincorporated organic matter 
would have more effect on loss of water and time 
required to reach the wilting percentage of the soil 
than would charcoal incorporated in the soil. With 
these other factors, especially transpiration, taken into 
consideration, probably the wilting point of coarse- 
textured soils containing charcoal would be reached 
quicker than that of the soils without incorporated 
charcoal. The coarse-textured soils containing char- 
coal have higher wilting percentages than the soils 
themselves. Loss from transpiration would be about 
the same whether or not chareoal was present, and, 
where equal amounts of water were concerned, the 
wilting point would be reached first where char- 
coal was present. As charcoal reduces the wilting 
percentage of fine-textured soils the reverse tendency 
would be expected; a shorter time would be required 
to reach the wilting point of the fine-textured soil 
itself, than when charcoal was incorporated in it, as 
long as loss of equal amounts of water by transpira- 
tion is concerned. Hence available moisture would 
be present for a shorter period for the clay itself 
than for clay containing charcoal. 

However, the tendeney of charcoal to reduce evap- 
oration, and to reduce it to such an extent that a 
longer time is required for the moisture content of 
the soil to reach the wilting point when other factors 
are somewhat controlled, is indicated. 


EFFECT OF CHARCOAL ON CHEMICAL 
PROPERTIES OF THREE FOREST 
SOILS 


Charcoal was added to three forest soils in order 
to determine its effect on acidity, antiacid buffer 
capacity, base exchange properties, and nutrients 
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available to forest tree seedlings. Also, the effect of 
the ash content of charcoal on antiacid buffer capacity 
was studied, and buffer capacity of the charcoal was 
compared with that of leaves of some forest trees. 


CHANGES IN Som Acipity By ADDITION 
OF CHARCOAL 

Three soils, sand, loam, and clay, were mixed with 
two types of charcoal, hardwood and conifer, in less 
than 1 mm. and 2 to 5 mm. sizes. The amounts of 
charcoal mixed with the soils were 15, 30, and 45 
percent, by volume. Mixtures of all possible com- 
binations of the charcoals and soils plus the three 
individual soil cheeks total 39 treatments. 

Air-dry mixtures of the soils and charcoals equiv- 
alent to five grams on an oven-dry basis were placed 
in flasks to each of which was added 100 ce. of dis- 
tilled water free of carbon dioxide. The flasks were 
stoppered, shaken periodically, left overnight, and 
the pH values obtained the following day on the 
Beckman pH meter. All data are in terms of average 
pH and not average hydrogen ion concentration val- 
ues converted to pH values. 

Analysis of the data many significant 
differences between treatments. The main effects 
indicate that the difference between controls and soil- 
charcoal mixtures is highly significant. The pH of 
the controls is 5.15, whereas that of the charcoal 
mixtures is 5.85. Hence charcoal decreases the acidity 
of the soil. <A highly significant difference also exists 
between the mixtures containing hardwood charcoal 
and those with conifer charcoal, the former having a 
pH of 6.15 and the latter of 5.55. Thus, the hard- 
wood charcoal is more effective in increasing the 
alkalinity of the soil than the conifer chareoal. Also, 
highly significant differences exist between soils with 
fine chareoal and soils with coarse charcoal, the treat- 
ments containing fine chareoa! having a pH of 6.21 
and those containing coarse charcoal a pH of 5.49. 
Fine charcoal is, therefore, more effective than the 
coarse in increasing pH. 

A positive highly significant linear trend in pH is 
indieated by the addition of charcoal in 15, 30, and 
45 percent amounts, the values being pH 5.61, 5.84, 
and 6.10, respectively, thus increasing the alkalinity 
directly with the amount of charcoal added to the 
soil. The soil series also differ from one another in 
a highly significant manner. The pH values for these 
soil series are 5.78, 5.65, and 5.97 for the sand, loam, 
and clay series, respectively. 

Many of the first order interactions are also sig- 
nificant. The interaction, type xX size, proves highly 
significant, the values being presented in Table 13. 


shows 


TABLE 13. Interaction of type x size of pH values. 





| 


Size or CHARCOAL 


Type of charcoal -- 


2-5mm. 
Hidstiwood.............- 6.63 | 5.67 
Mix chee Ginvdaig Sethe 9.79 §.32 
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Thus, the increase in pH in treatments containing fine 
hardwood charcoal over those containing coarse is 
greater than the increase in pH in treatments contain- 
ing fine conifer charcoal over those containing coarse 
charcoal. 

The interaction, type X [(loam + sand) vs. clay] 
is also highly significant. The values are presented 
in Table 14. In both cases treatments containing 


TABLE 14. Interaction of type x [(loam + sand) vs. 
elay] of pH values. 





Type or CHARCOAL 


Soil —— 
Hardwood Conifer 
Loam + sand..... 6.14 5.42 
Clay. 6.17 5.83 


hardwood chareoal have higher pH values than those 
containing conifer charcoal, but the difference between 
them is greater when the charcoal is mixed with loam 
and sand than with clay. 

Similar results are also obtained for the interaction, 
size X [(loam + sand) vs. clay], which is highly 
significant, and presented in Table 15. Treatments 


TABLE 15. Interaction of size x [(loam + sand) vs. 
clay] of pH values. 





Size oF CHARCOAL 


Soil - = 
<Imm. 2-5mm. 
Loam + sand... 6.20 5.36 
| Re 6.23 5.76 


containing fine charcoal have higher pH values for 
both soils, but a greater difference exists between 
sizes in the loam and sand. 

Three linear relationships which are highly signif- 
icant indicate that: 

1. pH is inereased to a greater extent by the addi- 
tion of charcoal to the loam and sand than to clay. 

2. pH of the soils is increased to a greater extent 
by the addition of hardwood charcoal than of conifer 
chareoal. 

3. pH of the soils is increased to a greater extent 
by the addition of fine charcoal than of 
chareoal. 


coarse 


The analysis proves linear regression highly sig- 
nificant when all soil-chareoal mixtures are grouped 
and the controls included. The regression line is pre- 
sented in Figure 7. 

The difference in pH between the charcoal is due 
to the ash content. The hardwood chareoal which 
causes the greatest increase in pH when added to the 
soil has an ash content of 6.38 percent, whereas the 
conifer charcoal has an ash content of only 1.48 per- 
cent. Fine charcoal causes a greater change in an 
alkaline direction than does the coarse. This differ- 
ence is probably due to a greater surface area of fine 
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charcoal than of the coarse being exposed to the soil 
solution; the ash can be more readily dissolved from 
the increased surface area. 

Calcium, magnesium, and potassium are the most 
common bases present in the ash of wood. These 
elements occur in compounds that are for the most 
part readily soluble. When chareoal is moistened, 
these soluble substances are dissolved and washed out 
of the carbon framework of the charcoal into the soil 
solution. When the salts of these bases go into solu- 
tion they undergo hydrolysis and develop alkalinity 
(Lyon and Buckman 1943: 289). 

All significant first order interactions which include 
(loam + sand) vs. clay, as shown above, indicate 
that pH values of clay are less affected by addition 
of charcoal than are those of loam and sand. Char- 
coal increases the pH of sand and loam to a greater 
extent than it increases the pH of clay because of 
differences in buffering. Clay is more highly buf- 
fered than light-textured soils, especially when con- 
sidered on a weight basis, and the basic ions added 
to the clay by the ash of the charcoal have less effect 
on the reaction of the soil than when added to sand. 
Henee, the increase in pH with the addition of equal 
amounts of chareoal (and its ash) is proportionally 
greater in the sand than in the clay. This is in agree- 
ment with a fact known by agriculturalists for some 
time, that more lime is needed to raise the pH of a 
highly buffered soil than of a poorly buffered one. 
Lyon and Buckman (1943: 367) present a table 
showing that higher amounts of lime need to be added 
to a clay loam than to a sandy loam to accomplish 
the same results. 

A similar situation exists when chareoal is added 
to sand and loam. The sand has a pH of 4.90 and 
the loam a pH of 4.92, thus the soil reaction of the 
two is essentially the same. The sand series has a 
pH of 5.78 and the loam series has a pH of 5.65. 
The treatments containing charcoal have been ineluded 
in these two series, and it may be noticed that the 
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loam series has a lower pH than does the sand series. 
This also is due to differences in buffering between 
the two Loam has a higher buffer capacity 
than sand, which prevents an increase in an alkaline 


soils. 


direction equal to that obtained for the sand when 
charcoal is added. 


}PFECT OF CHARCOAL ON ANTIACID BUFFER 
Capacity OF SoILs 

Buffer capacity of sand and sand-chareoal mixtures 
containing 45 pereent charcoal, on a volume basis, 
was measured to determine the effect of charcoal on 
the antiacid buffer capacity of sand. Conifer and 
hardwood charcoal in sizes less than 1 mm. and 2 to 
5 mm. were tested, making a total of four tests. 

Buffer capacity was tested as follows: Five-gram 
samples of sand or sand-chareoal mixtures were placed 
in each of nine flasks. Distilled water, free of ear- 
bon dioxide, and 0.1 normal hydrochlorie acid were 
added to produce a series containing 0.0, 0.1, 0.2, 0.4, 
0.6, 0.8, 1.0, 1.5, and 2.0 milligram equivalents of 
hydrogen ions. The total volume of the liquid added 
was 100 ee. per flask. The flasks were stoppered, 
shaken oceasionally over a 24-hour period, and the 
pH determined with the Beckman pH meter. The 
concentration of hydrogen ions in the solution was 
determined directly from the pH obtained 
(Clark 1928: 673). 

The resulting buffer curves are presented in Figure 
8 and are based on volume of buffering material. 
Conifer charcoal less than 1 mm. and 2 to 5 mm., and 
hardwood chareoal 2 to 5 mm. in diameter lower the 
buffer capacity of the sand, although the latter is 
slightly more active than the sand when small amounts 
of hydrogen tons are added. 


value 


Hardwood chareoal par- 
ticles less than 1 mm. in diameter increase the buffer 
capacity of sand. 

A triplicate series of sand, loam, and clay, and 
combinations of them with the two types and sizes of 
chareoal, and totaling 39 treatments were tested to 
determine the effect of charcoal on buffer capacity of 
the soils with the addition of 0.6 and 1.0 milligram 
equivalents of hydrogen. 

Where 0.6 milligram equivalents of hydrogen ions 
are added the general effect of the charcoal is to re- 
duce the buffer capacity, as the soils have a eapacity 
of 78.62 percent as compared with 73.94 percent for 
the treatments containing charcoal. Treatments con- 
taining conifer charcoal have a lower buffer capacity 
than do those with hardwood charcoal, 68.14 percent 
as compared with 79.75 percent, a highly significant 
difference. The treatments containing fine charcoal 
inactivate 79.75 percent of the ions, whereas those 
with coarse charcoal inactivate 68.14 percent of the 
ions. Thus the coarse charcoal is less effective than 
the fine in buffering. The data indicate an increase 
in buffering with the addition of fine hardwood char- 
coal, and a reduction in buffering with the addition 
of the others. Both loam and clay have a higher 


buffer capacity than sand, but loam has a slightly 
higher buffer capacity than clay when compared on a 
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charcoal mixtures (45 percent charcoal by volume). 


volume basis. However, when compared on a weight 
basis the values for clay are higher, a conelusion 
reached by most investigators. 

Several of the interactions are highly significant, 
and bring out principally the two following con- 
ditions: 

1. The greater effectiveness of hardwood charcoal, 
less than 1 mm., in inereasing buffering, is indicated, 
whereas the other charcoals cause a reduction. 

2. Fine hardwood charcoal increases the buffer 
capacity of a sand to a greater extent than it does 
that of a more fine-textured soil. The buffer capacity 
of the loam and elay series is reduced to a greater 
extent than is that of the sand series. As the buffer 
capacities of the soils vary while those of the char- 
coals remain constant, these differences result, so that 
the higher the buffer capacity of the soil the greater 
will be the reduction in buffering by the addition of 
the coarse conifer charcoal. 

A comparison of the results obtained by the anal- 
ysis of the series having one milligram equivalent of 
hydrogen added and the series having 0.6 milligram 
equivalents of hydrogen added, just discussed above, 
indieates very close agreement between the two, and 
for this reason they will not be discussed. However, 
analysis of the data of the two series indicates a 
higher percentage of inactivation of the hydrogen ions 
with addition of smaller amounts of the acid (0.6 
milligram equivalents of hydrogen). 
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In 1935 Jorgensen defined a buffer as a chemical 
system that possesses the ability to maintain a con- 
stant hydrogen ion concentration in the presence of 
added acids or bases (Wiegner and Pallman 1938: 
170). While charcoal does not have a high antiacid 
buffer capacity, it is active to some extent. Undoubt- 
edly the salts of weak acids and strong bases con- 
tained in the ash are largely responsible for the 
action. Hence, the higher the percentage of ash for 
particles of equal size the greater should be the buffer 
capacity, as more area is exposed and better able to 
release materials which act as a buffer. Evidently 
base exchange is also increased with the decrease in 
size of the charcoal particles and presumably this 
exchange will contribute somewhat to the capacity to 
buffer; however, no information on this latter subject 
has been obtained. The data presented show that the 
higher the ash content of charcoal, and the smaller 
the size of the particles, the greater the buffer capac- 
ity. The soils containing hardwood charcoal are 
better buffered than those with conifer charcoal, and 
soils containing fine charcoal inactivate a higher per- 
centage of hydrogen ions than those containing coarse 
charcoal. 

In the treatment above only antiacid buffer capae- 
ity, or the capacity to resist a change to a more acid 
condition, has been considered as the reaction of for- 
est soils tends to become acid rather than more alka- 
line due to ecological changes. Such factors as 
production of acids by microorganisms, leaching of 
bases, and replacement of bases by hydrogen ions as 
a result of contact exchange between plant roots and 
soil colloids tend to bring about a more acid condition 
of the soil. Because of this tendeney of a forest soil 
to become more acid, a high capacity to buffer against 
a change toward an acid reaction is considered bene- 
ficial. However, Bovie (1915) studied the ability of 
animal chareoal to buffer against a change to an alka- 
line as well as to an acid eondition, and found that 


the charcoal tested would buffer to some extent 
against a change toward either an acid or basie 


condition. 


Errect oF ASH CONTENT OF CHARCOAL ON ANTIACID 
BUFFER CAPACITY 

Ash content of chareoal was reduced and tests made 
of the treated charcoal to determine the effect of re- 
duction of ash on buffer relations. Fine hardwood 
charcoal was selected, as it had a higher ash content 
and buffer capacity than conifer charcoal. Reduction 
of ash in the chareoal was accomplished by two meth- 
ods, which produced charcoals with different percent- 
ages of ash. The first method involved boiling the 
chareoal thoroughly in distilled water and filtering. 
This process was repeated five times, after which the 
charcoal was dried and then tested. The second 
method involved boiling the charcoal in 2N hydro- 
chlorie acid, soaking, washing with distilled water, 
and filtering six times. The ash content was deter- 
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mined for the regular and treated chareoal by com- 
bustion in a muffle furnace, and correcting for amount 
of sand in the sample according to the method out- 
lined by the Association of Official Agricultural 
Chemists (1940: 125). 

The ash content of the untreated hardwood chareoal 
was 6.38 percent, that of the charcoal boiled in water 
4.90 percent, and that boiled in hydrochloric acid 
1.07 percent. The buffer capacity was measured in 
the same manner as described in the above section, 
although only six flasks were used in each series. 
The amounts of hydrogen ions added were 0.0, 1.0, 
2.0, 4.0, 6.0, and 8.0 milligram equivalents. The re- 
sults are presented in Figure 9, curves A, B, and C 
representing the results obtained from the non-treated 
charcoal, charcoal boiled in distilled water, and char- 
coal boiled in hydrochloric acid, respectively. All 
data are based on a weight rather than volume rela- 
tionship, as volume-weights are about equal and either 
basis is suitable for comparison. 

The charcoal with the lowest percentage of ash 
has the lowest capacity for buffering, and that with 
the highest ash content the greatest capacity for buf- 
fering. The greatest difference in buffering between 
the three charcoals occurs when small amounts of 
acid are added. Hence, the ash content of chareoal is 
an important factor in determining the capacity of a 
charcoal to buffer against a change to a more acid 
condition, and if the percentage of ash is reduced 
the effectiveness of the charcoal to act as a buffer 
is also reduced. The discussion of differences in buf- 
fering in the section, “Effect of Chareoal on Antiacid 
Buffer Capacity of Soils” pointed out that the lower 
buffer capacity of conifer charcoal compared to hard- 
wood chareoal was probably due to the lower per- 
centage of ash of the conifer charcoal. Such a eon- 
clusion appears justified as reducing the pereentage 
of ash of charcoal reduces its capacity to buffer. 

COMPARISON OF ANTIACID BUFFER CAPACITY OF 
CHARCOAL AND CERTAIN LEAVES 

Leaves of three species of eastern trees, collected 
in mid-July, were tested to determine their antiacid 
buffer capacity and the results were compared with 
those obtained for fine hardwood and eonifer char- 
coal. The three species of leaves tested were from 
eastern white pine (Pinus strobus L.), red maple 
(Acer rubrum L.), and white ash (Fraxinus ameri- 
cana L.). The method of testing the capacity of the 
leaves to buffer against a change to a more acid con- 
dition was exactly the same as has been deseribed. A 
weight basis was used for all samples. 

The curves of antiacid buffering for the leaves and 
charcoals (Figure 10) indicate that both fine conifer 
and hardwood charcoal have a lower eapacity to 
buffer than do any of the leaves. However, pine 
needles have a lesser capacity to buffer than fine 
hardwood charcoal when small amounts of hydrogen 
are added. 
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and has an ash content of 6.38 percent. 


B. Boiled in water and has an ash content of 4.90 percent. C. 
hydrochloric acid and has an ash content of 1.07 percent. 
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EFFECT OF CHARCOAL ON AMOUNT OF AVAILABLE 
NUTRIENTS AND BASE EXCHANGE 
PROPERTIES 

The more important available nutrients and base 
exchange capacity of the soils in pine-seedling eul- 
tures of soils and charcoals were studied to determine 
the chemical changes in the soil brought about by the 
addition of charcoal. This study took place during 


the second growing season, two months before the 
seedlings were removed for measurements of growth. 
Only the controls and the soils containing fine char- 
coal were tested, as the coarse charcoal would be lost 
in sieving preliminary. to testing and obviously the 
results would be incorrect. 
taining the 


If, however, the soils con- 


large particles were ground to pass 
Yr : 


ihrough a fine sieve, a mixture essentially the same 
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as that being tested would result and the data ob- 
tained would not apply to the mixtures of soils and 
coarse charcoal. The soils of the seedling cultures 
tested are discussed under the heading, “Effeet of 
Charcoal on Biological Properties of Two Forest 
Soils.” 

Each sample was a composite of at least three sub- 
samples collected in the upper inch of soil. The in- 
formation obtained from tests of available nutrients 
and base exchange capacity is presented on a weight 
basis in Table 16 and on a volume basis in Table 17. 
The data were not analyzed statistically, as nearly 
all changes in the chemical properties of the soil 
brought about by the addition of the charcoal were 
apparent by inspection of the data. 

The term “available” is applied to amounts of eal- 
cium and magnesium rather than the more common 
term, “exchangeable.” The total of exchangeable ions 
cannot exceed the base exchange capacity, and it will 
be noticed that with the addition of charcoal to the 
soil caleium alone may exceed this exchange capacity. 
From Table 17 it may be observed that the amount 
of calcium measured in the treatments containing 45 
percent hardwood about: three times as 
great as the base exchange capacity. Much of the 
ealcium and other bases in the ash of charcoal must 
exist in the earbon framework in a rather free con- 
dition, and may be leached out by solutions without 
an exchange of ions. For such a condition, “avail- 


chareoal is 


able” rather than “exchangeable” seems to be a better 
term. In order to be consistent with other data al- 


ready presented, only the chemical changes in equal 
volumes of the soils and mixtures (Table 17) will be 
discussed. 
BASE EXCHANGE CAPACITY 

The capacity for base exchange was tested by 
methods outlined by Peech (1941). Hardwood char- 

TABLE 16. Base exchange capacity and content of 
nutrients in soils of cultures of seedlings (weight basis). 





Base exch. Avail- | Avail- | Avail- | Avail- 
capacity Per- | able able able able 
centage | P2Os | KO Ca Mg 


Treatment 


Charcoal 


m.e. per total ——-|-— - — 
Per- 100 gm. | nitrogen Parts per m.e. per _ 
Soil | Type | centage soil million 100 gm. soil 
0 3.4 0.07 16.0 | 12.4) 1.00 17 
ee 15 4.2 .12 52.7 | 104.0) 6.01 | .29 
zs 30 5.1 .24 85.7 | 216.9 | 13.46) .41 
Sano | =F 45 5.9 .26 86.3 | 266.4 | 18.56 | .71 
= 15 3.0 .08 16.1 | 55.3 | 1.10] .11 
= 30 3.3 07 36.8 | 110.7 | 2.26+| .30 
L 45 3.3 .08 39.3 | 105.2 | 2.89 .36 
0 4.4 .06 8.2 | 74.9] 1.78] .38 
ai 15 5.4 06 15.0 176.5 6.16 36 
gs 30 6.6 19 44.1 | 280.9 | 12.80 | .56 
Loau | = * 45 6.9 .25 61.8 | 384.9 | 19.81 | .74 
t 15 4.3 05 10.2 | 102.5 | 1.82 | .33 
= 30 4.3 07 13.0 | 125.7 | 3.08 | .52 
C 45 4.2 .07 20.7 | 172.71 4.90 | .62 
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TABLE 17. Base exchange capacity and content of 
nutrients in soils of cultures of seedlings (volume basis). 





Base exch. Avail- | Avail- | Avail- | Avail - 


Treatment capacity Per- able able able able 








--- —-——_—— |__| centage | P20s | K20 | Ca Mg 

Charcoal m.e. pet total ———_—|_—_——_|-_—_ 
; Per- 100 ce. nitrogen gm. per m.e. per 

Soil | Type | centage soil million ee. 100 cc. soil 

0 4.5 09 21.4 16.6 1.34 | +23 

sei 2 5.2 15 65.7 | 129.7 | 7.49| .37 

2s 30 5.8 .28 98.1 | 248.2 | 15.41 | .47 

Sanp | ™ 45 6.1 ae 89.2 | 275.2 | 19.17 43 

e 15 3.6 10 19.6 67.2 1.34 14 

‘2 | 30 3.6 .08 40.4 121.5 | 2.48 | .47 

Oo |} 44 3.1 .08 37.7 | 100.9 | 2.77 | .34 
| } 

0 | 5.3 .07 9.9| 90.5] 2.15] .46 

apes 15 6.2 07 17.1 | 201.5 | 7.08] .41 

5 5 30 7.4 .20 47.5 | 293.2 | 13.81 | .60 

Loam 45 6.9 25 62.3 | 387.9 | 19.96 | dé 

Ez 15 4.8 .07 11.4 | 114.6 | 2.04] .37 

= 30 4.4 07 13.3 | 189.8 | 3.12] .54 

ve 45 3.9 .06 19.2 | 160.5! 4.56 | .58 


coal increases the exchange capacity substantially, but 
conifer charcoal causes a reduction, 
PERCENTAGE OF TOTAL NITROGEN 

Total nitrogen was tested by the Kjeldahl method. 
All forms of nitrogen with the exception of nitrate 
nitrogen are determined by this method. Hardwood 
charcoal inereases the nitrogen content of the soils, 
but a slight decrease in total nitrogen occurs with the 
addition of conifer charcoal. The reason for the 
higher nitrogen content of the hardwood charcoal is 
not understood, and as the percentage of ash was 
considerably higher than that of the conifer charcoal, 
the temperature during the charring process must 
have been at least as high. The high temperature 
necessary for charring should have driven. off most 
of the nitrogen in the form of that little 
remained. 


gas so 


The content of total nitrogen of the original un- 
used materials, on a volume basis, are as follows: 


Percent 


Sand 0.09 
Loam 0.08 
Hardwood chareoal 0.21 
Conifer charcoal 0.01 


Therefore it is to be expected that the cultures con- 
taining hardwood charcoal would have a higher con- 
tent of total nitrogen than the control, but that those 
containing conifer charcoal would be lower. 
AVAILABLE NITROGEN 

Ammoniaeal and nitrate nitrogen are available to 
plants. The content of available nitrogen was tested 
by the methods of Noggle and Wynd (1941). Only 
a trace of ammoniacal and nitrate nitrogen could be 
detected in the soils and soil-charcoal mixtures test- 
ed, including the treatments containing a high per- 
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centage of fine hardwood charcoal which has a high 
content of total nitrogen. As only a trace could be 
detected, the results are not presented. Apparently 
the nitrogen was used by the seedlings as soon as it 
beeame available. 
AVAILABLE PHOSPHORUS 

The availability of phosphorus was tested by the 
method of Truog (1930). Both hardwood and conifer 
charcoal increase the amount of phosphorus available 
in the soil, although a larger amount is added to the 
soil by the hardwood charcoal. 


AVAILABLE POTASH 


The determination of available potash (Volk and 
Truog 1934) indicates a large increase of potash 


added to the soil by addition of charcoal. The hard- 
wood charcoal is especially active in this respect, as 
a 45 percent mixture with loam increases the avail- 
able K,0O of the loam from 90.5 to 387.9 gm. per ee., 
and a 45 percent mixture with sand increases the 
available K,0 of the sand from 16.6 to 275.2 gm. 
per ce. 
AVAILABLE CALCIUM 

Available calcium was determined by the method 
of Wilde (1942: 186). Both charcoals increase the 
percentage of available calcium in the soil, but here 
again the hardwood charcoal is especially active, in- 
creasing the content about 15 times when 45 percent 
by volume is added to the sand, and about 10 times 
when 45 percent by volume is added to the loam. 

AVAILABLE MAGNESIUM 

Available magnesium was determined by the method 
of Wilde (1942: 188). An increase in amount of 
available magnesium is indicated with the addition of 
either hardwood or conifer charcoal to the soil. Hard- 
wood charcoal adds more available magnesium than 
the conifer. The rate of inerease is less than that 
found for available calcium. 

Probably the small amounts of charcoal normally 
found in forest soils improve the chemical relations 
by the addition of nutrient ions, and the decrease in 
hydrogen ion concentration will favor nitrification. 
However, large amounts of charcoal such as are found 
in localized areas, as charcoal hearths, may add ions 
to the soil solutions to such an extent that they 
will be toxic to the vegetation. 


EFFECT OF CHARCOAL ON BIOLOGICAL 
PROPERTIES OF TWO FOREST SOILS 

Crocks of soil and chareoal mixtures were set up 
in a greenhouse and sown with eastern white pine 
seed and measurements taken to determine the effects 
of charcoal in the soil on germination of the seed, 
growth of the seedlings, and numbers of fungi and 
heterotrophic, aerobic bacteria and actinomycetes. 
Effect of charcoal on mycorrhizal abundance and 
damping-off was also observed. 

ESTABLISHMENT OF CULTURES 

A duplicate series of 26 crocks was set up with two 

soils and mixtures of the soils and charcoals in a 
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randomized manner. The soils were sand and loam; 
the charcoals were hardwood and conifer, in less than 
1 mm. and 2 to 5 mm. sizes, and the amounts of char- 
coal used were 15, 30, and 45 pereent on a volume 
basis. 

The soils and mixtures were placed in 2-gallon 
glazed crocks having an opening in the bottom for 
drainage. These were then filled to a depth of about 
2.5 inches with either sand or loam, and the rest of 
the croek, about 3.5 inches, was filled with the soil- 
charcoal mixture. This was believed to simulate more 
nearly conditions where charcoal appeared in soils 
in nature or when added to forest nursery soils than 
would a complete filling of the crocks with the soil- 
chareoal mixture. 

The crocks were filled with the soils and mixtures 
May 30 and 31, 1943, and June 12 white pine seeds 
were sown and covered with the same material as 
that in the crock. Moisture conditions were kept as 
nearly optimum as possible for germination of the 
seed and growth of the seedlings by daily examina- 
tion of the soils or mixtures in the individual erocks 
during the first season and watering when necessary. 
Each crock with its medium and seedlings is called a 
“eulture” or “seedling culture.” 

Germination counts were made daily the first 45 
days following sowing and after that by 5-day periods. 
Seedling loss by damping-off was recorded through- 
out the summer and autumn. 

At the end of the first growing season the shoots 
of all but 20 seedlings were cut at ground level, and 
in April of the following spring the shoots of all but 
10 seedlings were cut at ground level, thus allowing 
10 seedlings per culture for growth studies. In both 
instances the seedlings removed were those with the 
greatest growth deviation from the average and those 
most densly packed. The reduction of seedlings in 
the different cultures to an equal number allowed 
approximately an equal area from which each seed- 
ling could draw its nutrients and moisture, thus 
eliminating growth differences due to variations in 
density of stocking. 

GERMINATION RESULTS 

The percentages of germination were analyzed for 
both the 60- and 360-day germination periods. Both 
analyses gave significant differences between treat- 
ments containing fine and coarse charcoal, and be- 
tween those with different percentages of charcoal 
which give a linear relationship. Table 18 summarizes 
the data where significant differences exist, showing 
that germination is reduced with the inerease of char- 
coal in the soil and that fine charcoal is more effective 
in reducing germination than the coarse. 

Germination trends for a period of 100 days after 
sowing are shown in Figures 11 and 12 for the treat- 
ments having a real effeet on germination, that is, 
percentage of charcoal and size of charcoal particles. 
These curves show that the differences brought out 
by the analyses continue in a uniform manner through- 
out the first 100 days. 
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Fie. 11. Effeet of charcoal particles, <1 mm., in the 
soil on germination of white pine seed. 
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Fig. 12. Effect of charcoal particles, 2-5 mm., in the 


soil on germination of white pine seed. 


TABLE 18. Influence of amount and size of charcoal 
on germination of white pine seed during two periods. 





GERMINATION PERCENTAGE 








Period Percentage of charcoal | Size of charcoal 

0 | 1 30 | 45 | <imm. | 2-5mm. 

@0days............ | 35.6 | 35.7 | 30.3 26.1 | 26.2 | 35.1 
| } | 

360 days............] 51.5 | 54.0 | 47.1 | 42.8 | 41.3 | 54.6 


An analysis of variance was employed to test the 
rate of change of germination for both the 60-day 
and 360-day periods with the addition of chareoal in 
increasing linear amounts. In using this method the 
different types and sizes of charcoal were grouped 
together so that a general effect of the charcoal was 
obtained. This method also brings out any effect 
that the check (sand and loam) may have on the 
regression, information not supplied by the former 
tests. The effect of the charcoals in reducing germina- 
tion for the two periods is clearly shown in Figure 13. 

CAUSE OF GERMINATION DIFFERENCES 

No attempt was made to determine by experimenta- 
tion the properties of charcoal responsible for re- 
duction in germination percentage of pine seed. 
However, with the information previously given in 
this paper on physical and chemical properties of 
soil-chareoal mixtures and information supplied by 
various authors on external factors influencing ger- 
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mination it is possible to suggest how charcoal affects 
cermination. 

The best treatment to date of the effect of environ- 
mental factors on forest tree seed germination is that 
of Baldwin (1942: 118). He lists temperature, mois- 
ture supply, external oxygen supply, carbon dioxide, 
light, atmospheri¢ pressure, depth of covering, acidity 
and alkalinity of substratum, and toxicity of sub- 
stratum as influencing germination and discusses each 
briefly. In addition to these factors numbers of micro- 
organisms may be considered, as saprophytie fungi 
attack the seed coats and may hasten germination. 

Most of these factors appear to be about equal in 
all the cultures with the exception of acidity and 
alkalinity of substratum and toxicity of substratum. 
It is doubtful if the changes of the physical prop- 
erties brought about by the addition of charcoal 
would hinder germination, especially under green- 
house conditions. In the section, “Effect of Charcoal 
on Physieal Properties of Three Forest Soils” it was 
shown that only slight changes occur in the physical 
properties of loam when charcoal is added. As the 
reduction in germination with the addition of char- 
coal to loam was about the same as for sand, whose 
physical properties are changed by the addition of 
charcoal, it appears that other factors than changes 
in physical properties are responsible for the differ- 
ences in’ germination. Differences in germination 
cannot be due to soil microorganisms as they were 
found to be present in all cultures in nearly equal 
amounts. 

The study of pH values and available nutrients 
shows that charcoal increases both pH and the amount 
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Fic. 13. Effect of chareoal on germination percentage 
of white pine seed at 60 and 360 days. Types and size 
classes of charcoal are grouped by percentage. 
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of available nutrients, and both factors are believed 
to influence germination. 

Studies of the effect of hydrogen ion concentration 
on the germination of seed have not given wholly 
conclusive results although most of the experiments 
seem to indiate that a slightly acid substratum (pH 
5.5 to 6.5) is most favorable. Baker (1934: 137) 
expressed the view that acidity, in the degree de- 
veloped in forest soils, acts as a stimulant to ger- 
mination and gave pH values 5.4 to 6.0 as the reaction 
most suitable for germination of Seotch pine (Pinus 
sylvestris L.). Salter and Mellvaine (1920) found the 
optimum reaction for the germination of certain 
cereal seed above pH 2.96 and below pH 7.71. In 
contrast to this, Fisher (1935) tested conifer seed on 
different substrata at the hydrogen ion concentrations 
of pH 5.96 to 7.66 and concluded that the hydrogen 
ion concentration of surface material had no direct 
correlation with either total germination percentage 
or individual species germination percentages. Sim- 
ilar conclusions were reached by Thrupp (1938), who 
found, by. adjusting reaction with sulfuric acid and 
caleium hydroxide, that conifer seed, including west- 
ern white pine (Pinus monticola D. Don.), germinates 
well over a wide range of hydrogen ion concentration ; 
he reported germination ‘at pH values as high as 10. 

Germination tests in wood ashes have also given con- 
flicting results. Fabricius (1929) found that the ash 
was detrimental to germination, Eneroth 
(1931) found no inhibiting effect. 

From the above information it seems doubtful if 
the hydrogen ion concentrations in the soil-charcoal 
cultures, which vary only from pH 4.9 to 7.2, would 
cause real differences in germination, as most investi- 
gators found a greater range of hydrogen ion con- 
centration necessary than was obtained in any of the 
cultures before germination of forest tree seed is 
affected. 

Toxicity of chemical substances to germination of 
seeds has been shown experimentally by Sayer and 
Clark (1935) and Hicks (1900), the latter believing 
that the injury is caused by plasmolysis as a result 
of high concentration of soluble salts. He stated, 
“the chief injury to germination from chemical fer- 
tilizers is inflicted upon the young sprouts after they 
leave the seed coat and before they emerge from the 
soil, while the seeds themselves are injured only 
slightly or not at all.” Also, it is known that salt 
solutions of high concentrations decrease the capacity 
of seeds to absorb water (Rudolfs 1921). Schmidt 
(1929) found that the accumulation of salts on burned 
areas made absorption of water by seeds difficult and 
reduced germination percentage. If salts from the 
charcoals were present in sufficient quantities it seems 
very probable that they could reduce germination in 
the soil-charcoal cultures. 

An examination of Table 16 indicates that available 
calcium, potassium, magnesium, and phosphorus in 
the cultures increased several times with the 
addition of This is especially true of 
potassium, which increases from 12.4 to 266.4 parts 


whereas 


were 


chareoal. 
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per million in the sand-hardwood charcoal cultures, 
and from 12.4 to 105.2 parts per million in the sand- 
conifer chareoal cultures. The suggestion is made 
that the higher concentrations of the soil solution re- 
sulting from the soluble ash of the chareoal is the 
cause of the differences in germination. As none of 
the germinating seeds were observed to possess plas- 
molyzed tissues, it seems probable that the higher 
concentration of the soil solutions where charcoal was 
present decreased water absorption by the seed which 
presumably caused a reduction in germination §per- 
centage. 

The greater amounts of chareoal added and the fine 
chareoal decreased germination the most, and in both 
instances the amount of soluble chemical substances 
present was high. The coarse charcoal, 15 percent 
mixture, is shown in Figure 12 as actually increasing 
germination, which is contrary to the other results. 
In this treatment only a very slight inerease in the 
concentration of the soil solution would oceur and 
this presumably acts as a stimulant to germination. 
This is in agreement with Schmidt (1929) who re- 
ported a favorable effect of weak concentrations of 
salts from wood ashes on germination of pine seed. 

When charcoal with a high ash content oeeurs in 
the soil in nature, a greater reduction in germination 
than occurred in the cultures should take place, espe- 
cially during dry periods, as the soil solution will 
become more concentrated as moisture is lost from 
the soil by evaporation and transpiration. Wherever 
large amounts of ash oceur in the forest as a result 
of burning, even greater reduction in germination 
may be expected due to the high concentration of 
soluble salts. 

GrowTtH RESULTS 

The ten white pine seedlings in each culture were 
collected in September 1944, at the end of the second 
growing season, by removing the soil from the erocks 
and shaking and washing out the roots. Shoot 
lengths were measured, abundance of mycorrhizae 
recorded, and the average seedling from each culture 
selected and photographed. The other nine seedlings 
were cut at the root crown, and the roots were washed. 
Shoots and roots were oven-dried and weighed sep- 
arately on an analytical balance. The data obtained 
were total weight of seedlings, weight of shoot, weight 
of root, and shoot-root ratio based on oven-dry weight, 
and represent the average of nine seedlings per cul- 
ture. All seedlings appeared healthy although during 
August and early September of the second growing 
season a yellowing of the tips of the needles became 
apparent. This condition was evident in some of the 
seedlings of all the cultures and no differences in 
frequency or amount could be observed between treat- 
ments, so that the cause was present in all cultures 
to about the same degree. 


LENGTH OF SHOOT 


The analysis of average length of seedling shoots 
shows that charcoal exerts a significant influence on 
height growth and that highly significant differences 
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exist between the treatments containing fine and 
coarse charcoal and between those with different per- 
centages of charcoal which gives a linear relationship. 

The shoots in the check cultures are 2.75 inches 
high, whereas in the cultures containing charcoal they 
are 2.46 inches high. The shoots in the cultures hav- 
ing coarse charcoal are 2.54 inches high and those 
in cultures with fine charcoal are only 2.37 
high. 

The cultures having charcoal in amounts of 0, 15, 
30, and 45 pereent have average height growth values 
of 2.75, 2.60, 2.44, and 2.32 inches, respectively. Thus 
addition of charcoal to the decreases height 
growth, fine charcoal being more effective than the 
coarse. 


inches 


soil 


The first order interaction, type of charcoal xX 
linear relationship, is significant and is presented in 
Table 19. A real difference in linear relationship is 


TaBLE 19. Interaction of type x linear relationship 
of height growth of white pine seedlings. 





PERCENTAGE OF CHARCOAL 
Type of charcoal —_—— 


15 30 45 
Hardwood... . 2.64 2.44 2.18 
Conifer. ; g : 2.57 2.44 2.47 


indicated, the hardwood charcoal line being steeper 
than the conifer. This means that the length of the 
shoot is reduced to a greater extent by the addition 
of hardwood charcoal than by conifer charcoal to the 
soil. 

This significant difference applies only to the dif- 
ferences in slope between the treatments with hard 
wood charcoal and those with conifer charcoal; not 
to the total differences in growth between treatments 
containing the two types of charcoal, as the over-all 
difference between conifer and hardwod charcoal is 
not significant. An analysis of variance which tests 
linear relationship and includes soil indicates linear 
regression to be highly significant. The regression 
line in Figure 14 shows the reduction in height 
growth with the addition of charcoal to the culture. 

TOTAL WEIGHT OF SEEDLINGS 

The analysis of average total weight of seedlings 
indicates no significant differences between treatments, 
hence the difference between the total weights of the 
seedlings in the cultures containing charcoal and those 
in the control are due to chance. The weights are 
0.6773 grams and 0.7845 grams for the cultures with 
charcoal and the controls, respectively. However, the 
data indicate a progressive reduction in total weights 
of the seedlings in the cultures containing fine hard- 
wood charcoal as the percentage of charcoal is in- 
creased. The weights of the seedlings in the cultures 
with 15, 30, and 45 percent charcoal are 0.7829 grams, 


0.6851 grams, and 0.5120 grams, respectively. The 
data from which these values were obtained were 
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Fig. 14. Effect of charcoal on height growth of 2-0 
pine seedlings. Types and size classes of charcoal are 
grouped by percentage. 


tested by a special analysis of variance for individual 
degrees of freedom, and a negative linear slope proved 
significant. Thus the cultures containing the fine 
hardwood charcoal, the most active chemically, re- 
duced the weights of the seedlings; the eultures with 
the highest percentage of the charcoal produced seed- 
lings having the lowest weights. This tendency was 
not brought out in the regular analysis. Average 
seedlings of the cultures containing loam, and loam 
with fine hardwood charcoal, are shown in Figure 15. 
Average seedlings of the cultures containing sand, 
and sand with fine hardwood charcoal, are shown in 
Figure 16. 
WEIGHT OF SHOOT 

The analysis of average total weight of the shoots 
indicates no significant difference between treatments, 
the shoots having a weight of 0.4411 grams in the 
control and 0.3640 grams in the cultures containing 
charcoal. These data agree closely with those of total 
weight above. Also a reduction in weight of the shoot 
in the fine hardwood charcoal cultures is noticeable, 
being 0.4487 grams, 0.3374 grams, and 0.2626 grams 
for the cultures containing 15, 30, and 45 percent of 
fine hardwood charcoal, respectively. 

WEIGHT OF ROOT 

The analysis of average total weight of the roots 
indicates no significant difference between treaments. 
The difference in values of 0.3433 grams in the eon- 
trol and 0.3174 grams in the cultures containing 
charcoal is due to chance. The reduction in weight 
in the cultures with fine hardwood chareoal is also 
noticeable, but less so than in total weight of seedling 
or weight of shoot. The values are 0.3842 grams, 
0.3477 grams, and 0.2493 grams, respectively, for the 
treatments contaming 15, 30, and 45 pereent of 
chareoal. 
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Eastern white pine seedlings, 2-0 stock, grown in loam and loam mixed with fine hardwood charcoal. 


Each seedling represents the average of those grown in the following media: 


A. Control, loam without charcoal. 


B. Fine hardwood charcoal, 15 percent; loam 85 percent. 
C. Fine hardwood charcoal, 30 percent; loam 70 percent. 
D. Fine hardwood chareoal, 45 percent; loam 55 percent. 


CAUSE OF GROWTH DIFFERENCES 

The effect of addition of chareoal to the soil on 
growth of pine seedlings was not great; only height 
of shoot showed a change consistent for types and 
percentages of charcoal. The only difference in 
weight of seedlings between treatments existed in 
The causes 
of these changes in growth, where they exist, as for 
differences in germination, are probably a result of 
higher concentration of the soil solution caused by 
the high ash content of the charcoal. 

Fabricius (1929) found ashes detrimental to the 
early growth of tree seedlings, and Moore (1922 
stated that alkalinity produced by heavy applications 
of lime was extremely unfavorable for growth of 
some tree seedlings. At the state nursery, Henryville, 
Indiana, an accumulation of three percent calcium 
carbonate in the upper five inches of soil made the 
production of good pine seedlings impossible. The 
accumulation of caleium carbonate resulted from sur- 
facing the nursery beds with caleareous sand (Anon. 
1938). 


those containing fine hardwood charcoal. 


The reason for height growth of the seedlings being 
more affected by addition of the chareoal than weight 
of the seedlings or weight of the shoots is not under- 
stood. Both germination and height of shoot are 
affected in the same manner, as the fine chareoal and 
inereased amounts of charcoal cause a reduction in 
values in both tests. However, differences in height 
are less than differences in germination between the 
eultures having different amounts of chareoal. Pos- 
sibly the reduction in height growth with the addition 
of charcoal is caused by the slower germination and 
resulting shorter growing season during the first 
vear. 

SHOOT-ROOT WEIGHT RATIO 

The analysis of average shoot-root weight ratio for 
the different treatments indicates a signifieant differ- 
ence between types of charcoal and a highly signif- 
icant difference between soil series. 

The seedlings in the hardwood chareoal treatments 
have a ratio of 1.112, whereas those in the conifer 
charcoal treatments have a ratio of 1.255. This indi- 
eates a somewhat heavier root system in relation to 
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Fig. 16. Eastern white pine seedlings, 2-0 stock, grow-n in sand and sand mixed with fine hardwood charcoal. 
Each seedling represents the average of those grown in the following media: 

A. Control, sand without charcoal. 

B. Fine hardwood charcoal, 15 percent; sand 85 percent. 

C. Fine hardwood charcoal, 30 percent; sand 70 percent. 

D. Fine hardwood charcoal, 45 percent; sand 55 percent. 
the shoot in the treatment containing hardwood char- EFFECT OF CHARCOAL ON DAMPING-OFF OF WHITE 


in those with conifer, but this difference 
probably means little in practical terms in spite of 
the statistical significance shown. 


eoal than 


The seedlings in 
the loam series have a ratio of 1.062, and in the sand 
series a ratio of 1.323, hence a heavier root system 
in relation to the shot was developed in the loam 
series than in the sand series. 


EFFECT OF CHARCOAL ON ABUNDANCE OF 
MyYCORRHIZAE 


Data taken on 
tallving the number of myecorrhizae in each culture 


were abundance of myeorrhizae, 


by visual inspection. The examination showed bifur- 
cated mycorrhizae associated with the pine roots in 
all cultures. The method of taking the data was not 
considered accurate enough to warrant testing statis- 
However, 
it appeared from the examination that the addition of 
charcoal had no effect on abundance of mycorrhizae. 


tically the differences between treatments. 


PINE SEEDLINGS 

Post-emergence damping-off of the white pine seed- 
lings occurred in 38 of the 52 cultures. Actually the 
disease was of little importance and in no way hindered 
the experiment. The greatest number of seedlings 
lost by damping-off in any one culture was eight, and 
some of the cultures lost only one or two. The eul- 
tures with charcoal lost nearly four times as many 
seedlings as did those without charcoal, but because 
of the light infection it was impossible to conclude 
that the charcoal increased damping-off. 

Under “Review of Literature,” instances are cited 
where chareéoal has been used, or recommended as a 
treatment, to control damping-off in the forest nurs- 
ery.. However, the only instance recorded where the 
addition of charcoal to the soil decreased damping-off 
was in the Mont Alto State Forest Tree Nursery in 
Pennsylvania (Retan 1915a). Several factors may 
influence the amount of damping-off (Baxter 1943: 
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99), the one most studied being acidity of the seed bed. 
As a result of numerous experiments on forest nurs- 
ery soil during the past 30 years it is known that 
generally the best method of reducing damping-off of 
coniferous seedlings is by acidifying the soil. 

Such substances as ash and lime tend to 
neutralize an acid soid and therefore recommendations 
have been made (Boyce 1938: 90; Davis, et al., 
1942: 52) that wood ashes should not be added to 
forest nursery sites. Steven (1928: 118) in a nursery 
fertilizer experiment found that additions of hard- 
wood ashes to soil having a pH of 5.5 increased the 
pH to 6.4 and conifer wood ashes increased the pH 
to 7.8. Damping-off of Scotch pine and Sitka spruce 
was increased as a result of the changed conditions. 

As the ash from the charcoal in the soil reduces 
the hydrogen ion concentration causing a less acid 
condition, it might be expected that in areas where 
large amounts of charcoal occurred damping-off would 
be increased until the ash content of the charcoal was 
removed by solution and leaching. Therefore, the 
inerease in damping-off obtained in the soil-charcoal 
cultures might have been expected. The data showed 
such a tendency, but were too limited to permit defi- 
nite conclusions. 


wood 


NuMBER OF COLONIES OF HETEROTROPHIC, AEROBIC 
BACTERIA AND ACTINOMYCETES IN THE SURFACE- 
Sor OF THE SEEDLING CuLTURES DETER- 
MINED BY THE PLATE METHOD 

The technique used in determination of the number 
of colonies of heterotrophic, aerobie bacteria and 
actinomycetes in the surface-soil of the pine cultures 
by the plate method was essentially that given by 
Fred and Waksman (1928: 99). About 30 grams of 
the moist soil was obtained from each culture and 
placed in a sterile container. The soil was gathered 
from the upper inch at three different places in each 
culture, placed in a container, and then taken directly 
to the laboratory and plating-out was started. 

Each sample was thoroughly mixed and diluted to 
1:100,000, a value determined by preliminary tests to 
allow between 40 and 200 colonies per plate. Waks- 
man (1932: 21) showed that for best results the 
number of colonies of bacteria and actinomycetes 
should be between 40 and 200 per plate, and for 
fungi, 20 to 100 colonies per plate for the special 
acid media. 

One ce. of a 1:100,000 dilution sample was placed 
in each of seven sterile Petri dishes, and then approxi- 
mately 10 cee. sterile Bacto-Nutrient Agar (dehy- 
drated) cooled to 40° C., was poured into each dish. 
The dishes rotated to distribute the bacteria 
evenly and allowed to cool to room temperature, then 
inverted and kept in a warm room at about 27° C. 
for 7 days before counting the colonies. 


were 


An analysis of variance of the number of colonies 
on a volume basis (1 ee.) indieates that differences 
between treatments are not significant. Hence, the 
addition of charcoal has no important effect on the 
number of bacteria and actinomycetes when the size 
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classes, types, and amount are grouped together. The 
results of the plating show that the bacteria and 
actinomyeetes number 6,285,000 per ce. for the soils 
and 6,349,583 per ce. for the and charcoals 
mixed. However, when the values of fine hardwood 
charcoal, the most active chemically, are plotted by 
percentages (Fig. 17) the addition of 45 percent 
chareoal tends to inerease the number of these micro- 


organisms. 


soils 
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Fig. 17. Variation in numbers of colonies of bacteria 


and actinomycetes compared to that of fungi with addi- 
tion of fine hardwood charcoal to the soil. 


NUMBER OF COLONIES OF FUNGI IN THE SURFACE-SOIL 
OF THE SEEDLING CULTURES DETERMINED 
BY THE PLATE METHOD 


The technique used in determining the number of 
fungi was similar to that of determining the number 
of bacteria and actinomyeetes. <A dilution of 1: 1,000 
was used, as preliminary tests showed that such a 
dilution gave satisfactory results. 

One ec. of the 1: 1,000 dilution sample was placed 
in each of seven sterile Petri dishes and approxi- 
mately 10 ce. of sterile peptone-glucose acid agar 
(Waksman 1922) having a pH of 4 was melted and 
cooled to 40° C. and then poured into each dish. The 
dishes were rotated, cooled to room temperature, and 
kept at a temperature of about 27° C. for four days 
before counting. 

An analysis of variance of the number of colonies 
of fungi on a volume basis indicates that differences 
between treatments are not significant. Henee, the 
addition of charcoal has no important effects on the 
number of fungi in the soils. The cultures having 
no chareoal give a value of 62,100 fungous colonies 
per ce. and those containing charcoal 76,533 colonies 
per ec. The data obtained for the fine hardwood 


charcoal were plotted (Fig. 17) and it may be ob- 
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served that although the cultures containing 15 per- 
cent charcoal increase the number of colonies, the 30 
and 45 percent mixtures of charcoal reduce the num- 
ber of colonies from the 15 percent level, the 45 
percent mixture being more active in this respect than 
the 30 percent mixture. 

ECOLOGICAL SIGNIFICANCE 

The study indicates that presence of charcoal in 
forest soils alters several physical and chemical prop- 
erties, but that these changes have little influence on 
the development of conifer seedlings. Much larger 
amounts of charcoal than normally exist in forest 
soils, excepting, perhaps, localized areas where char- 
coal hearths occur, would need to be present before 
a change in development of the forest type becomes 
of ecological importance. 

The moisture relations of medium-textured soils 
are affected little by charcoal, but of extremely fine- 
and coarse-textured soils are improved. Where a 
coarse sand exists, available moisture may well be the 
limiting factor for growth during dry periods. Char- 
coal incorporated in a soil of this type inereases the 
amount of available moisture and makes possible a 
longer period during which the plants may utilize the 
water. In the case of a fine clay, so much moisture 
may be held in the capillary pores during wet periods 
that the air space is reduced and not enough oxygen 
is present to allow normal functioning of the roots; 
thus the growth of the entire plant is unfavorably 
influenced. Chareoal incorporated in these fine- 
textured soils improves the moisture relations by in- 
creasing the volume of the larger capillary pores so 
that the field capacity is reduced. As a result better 
drainage occurs. Charcoal allows fine-textured soils 
to be more quickly drained following extremely wet 
periods, and the total amount of water held tends to 
become lower, creating better conditions for aeration. 

Claims have been made in the literature that organic 
matter, including charcoal, changes the texture of ex- 
tremely coarse and extremely fine soils. Many of the 
physical properties may be changed, but not texture. 
Soil texture is determined solely by the size-class 
distribution of mineral particles (Rice and Alexander 
1938: 893; Lyon and Buckman 1943: 41). Organie 
matter is not concerned in the determination of soil 
textures. 

Chemical changes of soil properties are brought 
about by incorporation of chareoal in a soil, the 
amount of the change depending directly upon the 
amount of charcoal and its ash content. 
potash 


Calcium and 
are increased substantially, and magnesium 
and phosphoric¢ acid to a lesser extent. As available 
nitrogen is not increased, the ratio of available 
N: P,0;: K.O is changed. Wilde (1938; 1940) found 
this ratio for some conifer and hardwood forest soils 
to be 1:2:5 and 1:3:5. As long as ash from the 
charcoal remains in the soil phosphorie acid and pot- 
ash will be increased, but available nitrogen present 
apparently will be but little affected. However, the 
study indicated that even when large amounts of the 
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charcoal caused a substantial deviation from optimum 
conditions, as determined by Wilde, the growth of 
2-0 pine seedlings was not greatly affected. There- 
fore, if none of the elements essential for growth are 
deficient, a nearly normal rate of growth may be 
expected, even though the ratio of available N, P,O;, 
and KO is somewhat changed from the optimum by 
the addition of charcoal. 

There is a tendeney for charcoal to improve the 
physical properties of a soil. The small amounts of 
charcoal normally found in forest soil (much less than 
15 percent by volume) may improve the chemieal re- 
lations by the addition of nutrient ions such as eal- 
cium, magnesium, potassium, and phosphorus. A 
slight decrease in soil acidity is to be expected and 
may favor nitrification by soil organisms, thus in- 
creasing the nitrogen available for plants. Only in 
extreme cases, however, are the changes in either 
physical or chemical properties likely to be of eco- 
logical importance. 

Large amounts of charcoal -(30 to 45 pereent by 
volume) having a high ash content should never be 
used for improvement of the soil in nurseries grow- 
ing coniferous nursery stock. The pH of the soil 
will be increased considerably and damping-off will 
be favored. The content of soluble salts may be in- 
creased to such an extent that germination of seeds 
is retarded and the growth of seedlings reduced. 

In general, it is recommended that in forest nurs- 
eries where large amounts of organie matter are 
needed for improvement of the soil, materials such 
as peat, which is less alkaline than charcoal, be used. 


SUMMARY AND CONCLUSIONS 


Chareoal is believed to be a component of soils of 
all forest types in the United States and perhaps 
throughout the world. Little information is available 
on the effect of charcoal on soil properties and the 
resulting effect on vegetation. A study was under- 
taken to determine changes occurring in physieal, 
chemical, and biological properties of soils as a result 
of addition of charcoal. Soils and chareoals were 
obtained and tests made from mixtures prepared in 
the laboratory. The three soils used in the study 
were Merrimae sand, Maltby sandy loam, and Berlin 
clay loam, all belonging to the brown podzolie group. 
They are refererd to as sand, loam, and clay, re- 
spectively. Two types of charcoal, hardwood and 
conifer, in two sizes, less than 1 mm. and 2 to 5 mm., 
were used. The soils and charcoals were mixed so 
that the charcoal composed 15, 30, and 45 pereent of 
the total by volume. Wherever possible the data 
have been presented on a volume rather than a weight 
basis. This method of presentation is believed to 
indicate actual conditions better than the commonly 
used weight basis, as volume weights differ so greatly 
between the soils and charcoals. From the results of 
the investigation the following conclusions have been 
reached : 


1. Charcoal increased the moisture equivalent of 
sand, slightly increased the moisture equivalent of 
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loam, and decreased that of the clay. The change 
with the amount of charcoal added was linear for all 
three Fine chareoal caused higher moisture 
equivalent values than coarse charcoal. As moisture 
equivalent approximates field capacity a_ similar 
change in the latter constant will occur with addition 
of charcoal. The moisture content at field capacity 
will be increased in a coarse-textured soil, reduced in 
a fine-textured soil, and but slightly affected in a 
medium-textured soil. 


soils. 


2. The hygroscopic coefficient was increased in sand, 
slightly increased in loam, and reduced in elay with 
the addition of charcoal. The change in hygroscopic 
coefficient with the addition of charcoal was linear 
for all three soils. Fine charcoal caused higher hygro- 
scopie coefficients than coarse charcoal, and hardwood 
charcoal higher values than conifer when added to 
sand and loam. 

3. The wilting percentage of sand was increased, 
that of loam but slightly increased, and that of clay 
decreased with addition of charcoal. The change with 
addition of charcoal was linear for the three soils. 

No differences in wilting percentage existed between 
treatments containing fine and eoarse charcoal in either 
the sand or loam series. However, the wilting per- 
centage of clay was greater when it contained coarse 
charcoal than when it contained fine. Therefore, a 
greater amount of moisture was rendered unavailable 
by the large particles of charcoal than by the small 
when compared with the adsorptive ability of the 
two sizes of charcoal. 

4. Addition of charcoal to the sand, loam, and clay 
had no effect on ratios of moisture equivalent to wilt- 
ing percentage or hygroscopic coefficient to wilting 
percentage. Both ratios were higher for the treat- 
ments containing fine charcoal than those containing 
coarse charcoal, for all three soils. This again empha- 
sizes the fact that more moisture is held by the coarse 
charcoal particles when permanent wilting oecurs 
than is held by the fine charcoal particles, especially 
in relation to comparative amounts of 
adsorbed. 


moisture 


5. Moisture available to plants was inereased in 
the sand, not affected in the loam, and decreased in 
the clay by the addition of charcoal. When charcoal 
made up 45 percent of the mixture by volume, the 
available moisture of the sand was inereased about 18 
percent, and the available moisture of: the clay de- 
creased about 20 pereent. Ecologically, such a change 
may be considered favorable. 

6. Addition of charcoal to the 
rate of evaporation. 


reduced the 
Chareoal when added to clay 
was less effective in reducing evaporation than when 
added to the sand and loam. 

7. The reduction in evaporation from the soils by 
addition of charcoal tended to increase the time re- 
quired to reach the wilting percentage. 
moisture as a result of transpiration of plants was 
not considered in the determination. 

8. Chareoal, when added to forest soils, reduced the 
hydrogen ion concentration 


soils 


Loss of 


‘ausing an inerease in 
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pH. Charecoals having a high ash content caused a 
greater increase in pH than did those having a low 
ash content. Likewise, finely ground charcoal in- 
creased the pH of soils more than coarse charcoal 
particles, as the ash probably was more readily dis- 
solved from the greater surface area of the charcoal 
by the soil solution. However, changes in pH and 
other chemical properties of a soil caused by addition 
of chareoal may be expected to persist over a longer 
period of time if the particles are coarse than if they 
are fine, even though the changes are not so great. 
This may be explained by the fact that the ash is 
dissolved more slowly from the coarse particles than 
from the fine. 

9. The pH of a poorly buffered soil, such as a 
coarse sand, is inereased to a greater extent by the 
addition of charcoal than is that of a well buffered 
soil such as a fine loam or a elay. 

10. A finely ground chareoal having a high ash 
content, when added to a soil, increased the antiacid 
buffer capacity of that soil to some extent. It is 
more effective when added to a sand than when added 
to a clay. The buffer capacity of soils, even a coarse 
sand, was reduced by the addition of charcoal having 
2 low ash content regardless of the size of the par- 
ticles, and by coarse charcoal particles even though 
they have a high ash content. 

11. The antiacid buffer capacity of a charcoal is 
largely dependent upon its ash content. The higher 
the ash content, the greater will be its ability to 
buffer, providing the particles are the same size, so 
that equal surface areas are exposed to the solution. 
The buffer capacity of a charcoal may be reduced by 
removing its ash. 

12. Charcoal is less effective as a buffer than leaves 
of forest trees. Even fine charcoal having a high ash 
content has a lower capacity to buffer than leaves of 
white ash, red maple or eastern white pine. 

13. Fine hardwood charcoal increased 
change capacity of soil; fine conifer charcoal slightly 
decreased this capacity. 

14. Total nitrogen was inereased by addition of 
the hardwood charcoal to soils; it was slightly de- 
creased by the addition of conifer charcoal, a direct 
result of the content of nitrogen of the charcoal. 

15. Phosphoric acid, potash, calcium, and mag- 
nesium are increased by the addition of charcoal to 
The higher the ash content of the charcoal 
the greater the increase of these elements. As avail- 
able nitrogen is apparently changed but slightly, if 
at all, the ratio of N: P20;:K.,O will be greatly 
affected, especially if the ash content of the charcoal 
is high. 

16. Germination of white pine seed was reduced 
by the addition of charcoal to sand and loam. This 
reduction was at a linear rate with applications of 
15, 30, and 45 pereent of charcoal by volume. Fine 
charcoal reduced germination to a greater extent than 
did the coarse. Reduced germination is believed to 
be caused by an inerease in the concentration of the 
soil solution due to the salts from the ash of the 


base ex- 


soils. 
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charcoal, which decreases absorption of water by the 
seed. 

17. The effeet of addition of charcoal on growth of 
pine seedlings was not great. Only seedlings of those 
eultures containing fine hardwood charcoal (having a 
high ash content) differed in weight from the con- 
trols, the seedlings in the control cultures weighing 
more than those in the cultures containing fine hard- 
wood charcoal. Seedlings in other cultures contain- 
ing fine and coarse conifer charcoal (having a low 
ash content) and coarse hardwood charcoal did not 
differ in weight from the controls. 

18. Height growth of seedlings was reduced with 
addition of chareoal, fine charcoal reducing the height 
more effectively than coarse. The reason for height 
growth being affected to a greater extent than weight 
is not understood. However, height growth and ger- 
mination are affected in the same manner, and pos- 
sibly reduction in height of shoots was caused by 
delayed germination and earried over into the second 
vear. 

19. Addition of charcoal to the soils had no effeet 
on number of bifureated mycorrhizae. 

20. Damping-off of white pine seedlings was in- 
ereased by addition of charcoal, but the infection was 
so light in all cultures that definite conelusions as to 
the effect of charcoal on damping-off could not be 
reached. 

21. The-number of colonies of heterotrophic, aero- 
bie bacteria and actinomyeetes; and fungi, as deter- 
mined by the plate method, was not affected by the 
addition of charcoal. 
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ECOLOGY OF THE FOREST-TUNDRA ECOTONE ON THE 
KAST COAST OF HUDSON BAY 


INTRODUCTION 


The transition zone or ecotone between the Sub- 
arctic Forest and the Arctic Tundra Plant Formations 
in North America extends as a sinuous band across 
the northern part of the continent. The western ex- 
tremity of the ecotone in Alaska has been studied 
thoroughly by Dr. Robert F. Griggs (1934). No in- 
tensive ecological studies have been made on the cen- 
tral and eastern portions of this vegetation zone.* In 
fact, it has been visited so rarely that our knowledge 
of even its exact geographic position is incomplete. 
This lack of knowledge is due to inaccessibility of 
the region and is not indicative of the potential sig- 
nificance of information on the ecology of this eeotone. 
The results of ecological studies in this region are 
valuable in themselves, and their usefulness is en- 
hanced when they are directed toward the solution 
of problems of species distribution, the floristie and 
community history of the region, the process of plant 
succession, the more recent geologic history of the 
region, the character of the current climate, and as 
Griggs (1946) has so recently demonstrated, toward 
an understanding. of the history of recent climatic 
variations. 

In the summer of 1939, the writer had the privi- 
lege of studying a portion of this ecotone while 
assisting Dr. E. C. Abbe on the University of Minne- 
sota Botanical Expedition to the Richmond Gulf 
Region. The primary objectives of the expedition 
were taxonomic and phytogeographie. Doctor Abbe, 
however, generously permitted me to carry on eco- 
logical investigations, releasing me from other duties 
whenever possible. My major concern was with tree 
growth-layer studies (tree-ring analysis) and their 
implications. Work upon the materials data 
collected is not yet complete. The present paper 
deals with a particular problem—the forest-tundra 
ecotone, its nature and relation to environment, pres- 
ent and past. Growth-layer studies supply an im- 
portant body of evidence in this connection and are 
used here as far as they are pertinent. 


and 


The writer wishes to record his sincere appreciation 
to Dr. E. C. Abbe and the societies that supported 
the expedition for the opportunity to carry out these 
investigations. Dr. W. S. Cooper generously assisted 
in the organization of data and preparation of the 

* Due to the disruption of publication and of communications 
during and immediately following World War II, the paper, 


“Hustich, I, and Bror Pettersson 1945: Notes on vascular plants 
of the east coast of Newfoundland-Labrador. 
Societatis pro 
Dr. Hustich’s 
seribed did not 
was in press. 


. Memoranda 
Fauna et Flora Fennica 20: 24-46," in which 
work on the eastern part of the ecotone is de- 
reach the writer until after the present paper 


thesis manuscript from which certain parts of the 
present paper were taken. Dr. Donald B. Lawrence 
was very helpful in selecting and securing field equip- 
ment, in conducting laboratory work, and in prepar- 
ing the manuscript. Grateful acknowledgment is 
made for two research grants contributed by the 
Minnesota Academy of Science. Two months of very 
productive work were facilitated by Texas Tech- 
nological College where the Biology Department sup- 
plied laboratory space, the Physies Department al- 
lowed free use of its lathe in polishing the sections, 
and Dr. R. A. Studhalter and Dr. Waldo S. Glock 
made many helpful suggestions. The wood-working 
shop of the Department of Mechanical Engineering 
at the University of Minnesota sanded the eross sec- 
tions. Dr. F. C. Craighead, In Charge of Forest 
Insect Investigations, U.S.D.A., kindly arranged for 
loaning me the Bureau of Entomology’s increment 
core measuring device. Dr. F. C. C. Lynch, Chief, 
Bureau of Geology and Topography, Canadian De- 
partment of Mines and Resources, generously sup- 
plied prints of Mr. A. P. Low’s photographs. A 
research grant from the University of Colorado Grad- 
uate School defrayed certain expenses associated with 
preparation of the manuscript for publication. 


GEOGRAPHY 


Field work was carried out in the vicinity of Rich- 
mond Gulf, which is an extensive, irregular indenta- 
tion just north of Latitude 56° North on the Hudson 
Bay coast of the Province of Quebee (Fig. 1). The 
region is of particular interest ecologically because 
it is located close to the north edge of the forest- 
tundra The actual limit of tree growth, 
which reaches just north of Latitude 58° North in 
the interior of Quebec, swings southward as it ap- 
proaches Hudson Bay and reaches the shore just 
north of Richmond Gulf (Fig. 1). Another feature 
which makes this region especially interesting is the 
fact that it lies only about 150 miles from one of 
the reputed centers of Labradorean glaciation (Low 
1898) (Fig. 1). Its postglacial history has thus been 
short—perhaps not more than 10,000 years. For much 
of the surface the time available for colonization by 
plants has been still shorter, since, as Dr. George 
Stanley of the University of Michigan has shown, in 


ecotone. 


immediate postglacial time sea level stood more than 
800 feet higher than now. 

Additional field studies were made near the mouth 
of Great Whale River which lies about 80 miles south 
of Richmond Gulf. 
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Fic. 1. A. Map of eastern Canada showing 
Center of glaciation, and northern timberline. 
the east coast of Hudson Bay. 


GEOLOGY 


In its lower reaches Great Whale River emerges 
from the low, rounded hills of the Laurentian Upland 
several miles from the shores of Hudson Bay and 
then meanders slowly through a broad channel eut 
down into its enormous “elevated delta” (see below). 
Along the coast of Hudson Bay north from Great 
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location of Richmond Gulf, Great Wale River, 
B. Map of Richmond Gulf region and part of 
location of stands of trees studied intensively. 


Whale River the monotonous landscape characteristic 
of southwestern Quebee is replaced by diversity of 
land forms and rock ‘types, which results in equal 
diversity in soils and habitats. The scenery becomes 


progressively more spectacular northward until the 
climax of ruggedness is reached in the Richmond Gulf 
Farther north the topography is more sub- 


region, 

















January, 1948 


dued. This local deviation from the regional topog- 
raphy is due largely to the presence of a 
west-faeing, curving cuesta. 


long, 
In the south, this euesta 
makes the line of islands which produces Manitounuck 
Sound; in the north, it forms the separation between 
Richmond Gulf and Hudson Bay (Fig. 2). In the 
latter region the lip of the cuesta rises over 1,000 
feet above the waters of Richmond Gulf and forms 
the highest land in the area. The ecuesta is made 
up of many superimposed strata of Pre-Cambrian 
sedimentaries—both sandstones and limestones—cov- 
ered by a continuous sheet of trap. 

Some smaller cuestas, lower in altitude and roughly 
parallel to the main one, differing from it only in 
the presence of several basalt sills interbedded with 
the sedimentaries, extend this tvpe_ of topography 
eastward along the south side of Richmond Gulf (Figs. 
3 and 10). On the mainland south of Cairn Island, 
the topography changes abruptly to a more subdued 
type marked by rounded hills of the Laurentian 
gneiss and schist that make up the bulk of the 
Laurentian Upland. Similar hills oceupy the area 
east and north of the gulf (Fig. 4). 

Evidences of severe erosion by glacier ice is com- 
mon in this region. Exposed rock surfaces are pol- 
ished and often striated and grooved (Figs. 5 and 
28) unless the character of the bedrock or the proc- 
esses of subaerial weathering have obséured these 





Fig. 3. 


of trees. 
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glacial phenomena. Glacial deposition was apparently 
restricted to a small amount of drift dropped in river 
valleys and probably a thin sheet of ground moraine 
laid over the uplands by the melting of the last ice 
sheet. Whatever deposits the ice left on the uplands 
have been largely stripped off by the action of run- 


ning water and have been carried to the larger rivers. 





Fic. 2. Aerial photograph looking southward along 
the cuesta which forms the narrow land separation be- 
tween Hudson Bay and Richmond Gulf. (Royal Canadian 
Air Force Photo.) 


Looking southward from a hill on the south shore of Richmond Gulf showing topography and abundance 
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Fig. 4. Aerial photograph looking eastward into Wiachewan Bay and mouth of Wiachewan River. Hills in back- 
ground show landscape characteristic of much of the Laurentian Upland. White area at head of Wiachewan Bay 
is an elevated delta. (Royal Canadian Air Force Photo.) 





Fig. 5. Sandstone grooved, polished and striated by glacial action. East shore of Cairn Tsland. 
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Fic. 6. Looking northwestward across the mouth and elevated delta of the Wiachewan River. The river now 
meanders along the north side (right side in the photograph) of the elevated delta. 





> = 


Fig. 7. Profile through part of the elevated delta of Beach Creek. Southeast shore of Richmond Gulf. 
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An oceasional glacial erratic boulder remains as a 
reminder of the previous existence of this drift sheet. 

In post glacial time rivers have reworked the glacial 
drift deposited in their valleys and carried great 
quantities of it, along with that washed down from 
the uplands, to be redeposited in the form of flood- 
plains in the valleys and deltas at the river mouths. 
With relative lowering of the water level of Hudson 
Bay and therefore of Richmond Gulf also, the flood- 
plains have been trenched and thus converted into 
terraces and the delatas have emerged as dry land. 
These elevated terraces and deltas are very important 
in the present study. Excellent examples were seen 
at Great Whale River and at several points in the 
Richmond Gulf region (Figs. 4, 6, and 7). 

Weather data for this region were fragmentary 
and unreliable until recent years. The period of 
careful and complete observations covers such a brief 
period that a thorough discussion of climate and 
weather is not justified. Data collected at Great 
Whale River Hudson’s Bay Company Post by em- 
ployees of the Company are complete enough to give 
a general indication of the temperature and precipita- 
tion (Table 1). No usable data are available for 
Richmond Gulf. However, since the Gulf is only 80 
miles north of Great Whale River it is logical to 
assume that both temperature and precipitation will 
be slightly lower than the records for that station. 


TABLE 1. Temperature and precipitation at Great 
Whale River, Province of Quebec. Average from record 
of 18 years. 
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THE PROBLEM OF THE ECOTONE 


In our flight northward from Senneterre, Province 
of Quebec, to Richmond Gulf (see Fig. 1) we passed 
in the space of a few hours over the whole breadth 
of the ecotone. South of James Bay, the earth was 
a patchwork of two colors, the monotonous green of 
the forest and the blue of innumerable lakes and 
rivers. As we approached the mouth of James Bay, 
a third color appeared, the grayish white of lichen 
tundra. First oceurring in small openings in the for- 
est, the tundra became increasingly widespread north- 
ward until it rivalled the forest in extent. Around 
Richmond Gulf tundra dominated; beyond, to the 
north, there and the tundra 
stretched on unbroken. 

The usual and quite natural hypothesis is that the 
transition from forest to tundra is due to a gradual 
transition in climate—that, with inereasing climatic 
rigor, the forest is inereasingly restricted to situations 
Ob- 


were no trees gray 


protected with respect to atmospheric factors. 
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servation from the air seemed to confirm this hy- 
pothesis—the forest patches appeared to be located 
in sheltered situations. Subsequent ground study re- 
vealed that appearance from the air was deceptive, 
that tree distribution had no apparent relation to 
shelter from unfavorable atmospheric factors. The 
obvious inference therefore was that climate is not 
a direct limiting factor for tree growth in this por- 
tion of the ecotone. 

In order to test this inference, the trees were eare- 
fully studied in the field as to oceurrence, size, 
growth-form, possible injury traceable to atmospheric 
factors, and general condition of vigor. An alterna- 
tive hypothesis to account for the paucity of trees 
immediately suggested itself—limitation in occurrence 
and extent of areas where trees could obtain anchor- 
age and adequate water supply, in other words, sear- 
city of soil in the broad sense prevents the develop- 
ment of forest over the entire region. This hypothesis 
was put to test in the field. Finally, materials were 
collected for growth-layer analysis, with the hope that 
such study would throw light on climatie conditions 
of the immediate past represented by the life-span 
of the trees. 


FIELD OBSERVATIONS 


TREE DISTRIBUTION IN RELATION TO SOILS 

Around Richmond Gulf, slender strips of trees 
separated by tundra were seen from the air and it 
was assumed at the time that they were growing in 
proteeted valleys. The photographs in Figures 8 and 
29 were taken on the ground in the area observed from 
the air. They demonstrate that the trees stand well 
above the surrounding area entirely unprotected by 
local obstructions. Actually, the pattern of tree dis- 
tribution is produced by a series of narrow fractured 
belts which occur at regular intervals in the other- 
wise relatively unbroken bedrock surface. The in- 
tervening areas are polished rock with only a very 
thin covering of loose material. These fractured 
belts are lines of intermittent drainage along which 
the runoff from melting snow and oceasional rains 
concentrates. Sinee water conditions are favorable 
and the crevices supply adequate anchorage, these 
belts support dense stands of relatively large and 
fast growing trees. 

On Cairn Island and the mainland south of this 
island, folding, faulting, and differential erosion of 
the sedimentary and metamorphic rock strata have 
produced many series of narrow shelves. Most of 
these shelves slope inward from their outer rim to the 
base of the next shelf. Also, they are tilted at a low 
angle in the direction of the dip of the rock strata. 
Runoff naturally accumulates at the inner border of 
each shelf and produces there a relatively moist sub- 
stratum. Therefore succession had proceeded rapidly 
and produced an organic soil deep enough to support 
trees. The cuter portion of each shelf is usually too 


dry for trees (Figs. 9 and 10). 
By far the most extensive forest stands and the 
best developed trees occur on the sandy alluvial de- 
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Fig. 8. 
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The trees in the background form a narrow strip of forest along a zone of fracture in the bedrock. 


The relatively treeless lichen tundra area in the foreground occupies a strip of bedrock in which there are few 


cracks. Southeast side of Cairn Island. 





Fig. 9. Seattered trees on narrow rock shelves on south 
slope of Cairn Island. The trees on these poor sites 
average about 10 feet tall. 
posits of the river terraces and elevated deltas. For 


example, at Great Whale River a forest of thrifty, 
well-formed white spruce trees 40 to 50 feet tall 
stands on the exposed elevated delta at the mouth 
of the river (Fig. 11). These trees are absolutely 
unprotected from the prevailing winds from the west. 
At Richmond Gulf an equally exposed grove of well 
developed trees oceurs on the southwest side of the 
long island west of Wiachewan Bay. Extensive for- 
est areas occupy the alluvial terraces of the Wiache- 
wan Valley (Fig. 12). 





Fig. 10. 
Cairn Island. 
as soil develops. 
cuestas on the south side of Richmond Gulf. 


Trees on broad shelf on mainland south of 
Forest is migrating toward lip of shelf 
Also illustrates portions of several 


The absence of 
found to be correlated with an 
almost every instance. 


trees in other areas observed was 
absenee of soil in 
The dearth of soil is related 
to the fact that this region lies close to a center of 
continental glaciation. The moving glacier ice re- 
moved practically all lose material from bedrock and 





JoHn W. Marr ne ra 








Fig. 11. Looking eastward across the surface of the elevated delta of Great Whale River. The delta slopes 
gently westward into Hudson Bay. Therefore the trees receive no protection from the prevailing westerly winds. 








Fig. 12. Looking eastward up the Wiachewan valley from a hill near the mouth of the river. Well-forested 
areas are largely alluvial deposits. The uplands are hills of gneiss and schist characteristic of much of the Lauren- 
tian Upland. 
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behind when it 


may 


left very little debris melted (Fig. 
13). Most of been left has been 
removed by stream wash, and also by wave action, 


what have 
which progressively affected much of the region dur- 
ing the relative lowering of sea level in post-glacial 
time. 


The period of subaerial history has been so 
short and the character of the climate is such that 
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very little weathering has occurred and therefore al- 
For 


the same reasons, the building up of a purely organic 


most no residual soil has developed (Fig. 14). 
soil upon the rock surfaces has barely begun. Tree 
growth on these denuded areas is as yet impossible 


regardless of climate. 





Fig. 13. 
water. 


Typical areas of bedrock from which 
Southwest corner of Richmond Gulf. 





Fig. 14, 
has been so short that soil adequate for even herbs has developed only along the slight depression below the one 


Typical area of bedrock exposed by action 


foot high shelf. Cairn Island. 


of glacier ice and water. 


all loose material was removed by the action of glacier ice and 


The period of subaerial history 








Fig. 15. 


trees were about 30 feet tall. Interior of Cairn 
Form oF TREES 

There is considerable diversity in the form of trees 
in the ecotone but it is related to variations in the 
type of soil and was never observed to be related to 
exposure alone. Trees growing from small rock ecrev- 
ices and in shallow peat-filled depressions are, as one 
would expect, (Fig. 15). 
Those upon the deep, sandy soils are from 30 to 50 
feet in height, straight-boled and, where the stand is 
open, with symmetrical crowns extending to the base 
of the tree (Fig. 16). Asymmetric individuals and 
“wind-cripples” are the rare exception and where they 
do oceur are obviously related to very local conditions. 

Field study thus indieated that extreme limitation 
of forest is due to paucity of areas in which soil con- 
ditions will permit tree growth. It revealed also that 
wherever there is good soil the quality of tree growth 
is high thus giving evidence that the atmospheric fae- 
tors are also favorable for tree growth. In order to 
obtain more quantitative information, that is, to de- 
termine just how favorable atmospheric factors are, 
a study was made of the growth-lavers of the tree. 


GROWTH-RING ANALYSIS 
FIELD MreTHODS 


dwarfed and _ straggling 


Trees reflect environmental influence through the 
quantitative and qualitative character of their growth- 
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Tree in foreground is typical for individuals growing on shallow soil. Mixed stand of larch and spruce 
in background has developed on the more favorable substratum along a 
Island. 


zone of fracture in bedrock. The latter 


rings. Consistently wide, clearly annual rings indi- 
cate favorable growing conditions, whereas rings that 
are consistently narrow, erratic in relative width, in- 
complete, or non-annual indicate unfavorable con- 
ditions. 

At the present stage in growth-ring research it is 
not possible to relate ring characters to any one 
environmental factor. It is, however, entirely pos- 
sible to group these factors into three categories: 
atmospheric, edaphic, and biotie. It is possible, fur- 
ther, to select materials in such a way as to minimize 
the effects of edaphie and biotie factors, so that the 
character of the growth-rings may be traced to the 
atmospheric category as principal cause. Trees grow- 
ing in favorable soils and showing no sign of injury 
fulfill this requirement. 

The large size and thrifty appearance of the trees 
on elevated deltas indicated that, among the various 
types of substrata present in the region, the sandy 
alluvial soils of this land-form were the most suitable 
It was concluded therefore, that in 
the growth-rings of these trees effects of atmospheric 
factors would be emphasized and influence of edaphic 
factors minimized. The soil of these elevated deltas 
was observed to be essentially uniform in character 
within a stand of trees and from one area to another, 


for tree growth. 
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Fig. 16. 


and therefore unlikely to be a disturbing influence in 
comparing tree growth in the different localities. 

The effeets of certain other factors which might 
produce abnormalities in tree growth not related to 
climate were guarded against as far as possible. Indi- 
viduals were selected which grew in the interior of 
the stands, since these presumably would not be sub- 
jected to asymmetric competition or unequal exposure 
to wind. An attempt was made to select trees sim- 
ilar in crown form, since it has been suggested that 
irregularities in crown form affect the circumferential 
development of xvlem in the trunk (MacDougal 1936). 
There remains the possibility of genetic differences 
between individuals, expressing themselves in differ- 
ing physiological behavior. The only precautions 
here possible were to concentrate on a single species 
and to select individuals which were externally similar. 

The conifers of the region are white spruce (Picea 
glauca (Moench) Voss), black spruce (P. mariana 
(Mill.) B.S.P.) and lareh (Larix laricina (Du Roi) 
Koch). White spruce is the most abundant and best 
developed species on the elevated deltas, and there- 
fore was selected as the major species for growth- 
ring analysis. The other two species were also studied 
to some extent. 

A preliminary study of colleetions from larch re- 
yeals that extreme fluctuations in annual growth occur 
more frequently in this species than in spruce. and 
suggests that it is better suited for certain types of 
crowth-ring studies. However, since larch has more 
peculiar and possibly non-annual rings than spruee, 
it is desirable to investigate more thoroughly before 
reporting on that species. 


Spruce forest on elevated delta of Great Whale River. 


Materials collected for studying the radial growth 
of a tree generally consist of several increment cores 
taken at breast height or a cross section taken at the 
base of the tree. The former method is obviously de- 
pendable only when radial growth is uniform through- 
out the tree. It has been suggested that trees growing 
at progressively higher altitudes or latitudes become 
more and more erratic in radial growth, producing 
more than one layer a year, or incomplete cylinders 
of xylem, or some other type af abnormality. There- 
fore, it was anticipated that in the Richmond Gulf 
region there would be considerable variation in growth 
within a single tree. Recognition and understanding 
of these confusing anomalies is practically impossible 
from increment cores. It is a mere assumption, too, 
that the basal portion of the tree is most sensitive to 
the influence of environmental factors and most aceu- 
It is more reasonable 
(1937), 
complete knowledge of the relations between tree 
can be obtained only by 
This is obviously 


rate in recording their effects. 
to assume that, as Glock has pointed out 
erowth and environment 
complete dissection of the bole. 
impractical, but a series of sections at different levels 
taken from the trunk of a single tree provides a 
method that is workable. It would be 
naturally, to sample in this way a number of trees in 
each stand, but lack of time and limitations of trans- 
In the light of ex- 
perience of other workers it was considered that a 


desirable, 


portation made this impossible. 


series of cross sections from one tree and four cores 
from each of about ten others constituted a sample 
sufficiently large to give a reliable record of average 


erowth for each stand. 
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The procedure followed in making collections from 
each suitable stand was as follows: The largest sym- 
metrical tree was selected for dissection. Cross sec- 
tions 2 to 3 inches thick were taken at five-foot 
intervals beginning one foot above the soil (basal 
flare was not evident in this region). The north side 
of each section was marked and the collection number 
was printed on the top of the section. A portion of 
the crown was collected so that field identification of 
the species could be checked in the laboratory. 

A Swedish increment borer was used in obtaining 
cores from additional trees. Although the previously 
deseribed characteristics were used in selecting indi- 
viduals from which cores were taken, slight irregu- 
larities such as bushy tops in older trees could not be 
avoided. The four borings were made in line with 
the cardinal points of the compass. The collection 
number of the tree and the direction of 
the core were marked on each with permanent ink. 
Cores were placed in aluminum tubes,* in which small 
quantities of naphthalene flakes were placed to pre- 
vent growth of fungi. Each night the tubes filled 
curing the day were transferred to the “storage case” 
which was always left in camp. 


compass 


DESCRIPTION OF STANDS 

Two stands of trees were studied intensively. One 
of these was on the almost level elevated delta at the 
mouth of Great Whale River (see Fig. 11). The for- 
est here was magnificent for an area only 80 miles 
from the northern limit of trees. The trees averaged 
over 35 feet tall; most of them were almost perfectly 
symmetrical, and were spaced far enough apart to 
permit survival of branches all the way to the ground. 
The community had the general aspect of parkland. 


A continuous mat composed of several species of 


Cladonia lichens 6 to 12 inches tall covered the ground 
between the trees (Fig. 17). White spruce comprised 
the bulk of the forest; black spruce was absent over 
much of the area, but did oceur near the contact of 
the alluvial deposits with the hills to the east. 


The other stand grew 80 miles north of Great 

® Having in mind the difficult conditions of travel to and 
within the Richmond Gulf region, Dr. Donald B. Lawrence of 
the University of Minnesota and the writer devised a method 
of carrying cores which proved to be very satisfactory. The 
carrying tubes were made of Alcoa (half-hard) aluminum tub- 
ing with 0.035 inch thick walls and outside diameter of 3/16 
inches. The tubes were cut into 16-inch lengths. The entire 
set of tubes was numbered consecutively with metal dies, each 
one at both ends. Small cork stoppers served to close both 
ends. Two cases made from tough, cardboard mailing tubes 
were used for carrying the tubes. The smaller was 46 cm. 
long and 5 cm. in diameter, accommodating 28 tubes. This 
was obtained in finished form with metal ends and a slide-on 
top which was held in place with a rubber band. A larger 
case was constructed by placing round wooden blocks in the 
ends of a mailing tube 50 cm. long and 8 ecm. in diameter. One 
block was nailed in place, the other fitted with a bolt and wing- 
nut cap. This case accommodated about 70 tubes. Both cases 


were covered inside and out, with a coat of valspar varnish. 
The larger, complete with tubes, weighed 4% pounds. The 


smaller weighed one pound ten ounces. The latter was used as 
a “field .case’’; the larger was kept at base camp and served 
as a storage case for both filled and empty tubes. 

An unexpected advantage of these alumnium 
they are practically air-tight. The cores retain their moisture 
and do not shrink. and shaving, which is necessary for study, 
is easier and produces a smoother surface than is possible with 
dry cores. A year after collection it was possible to make free 
hand sections without previous soaking for the purpose of study- 
ing the cambium and outermost xylem cells. 


tubes is that 
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Fic. 17. White spruce and ground cover of Cladonia 
lichens in the Great Whale River Stand. Some of the 
trees were over 40 feet tall; the average was about 30 
feet. 


Whale River just south of Gulf Hazard, the strait 
connecting Richmond Gulf with Hudson Bay (see 
Figs. 18 and 19). The elevated delta here slopes 
rather steeply from the base of the high cliffs down 
to the beach. The white spruces averaged over 40 
feet in height but, due to the denser character of the 
stand, some were not as symmetrical as those at 
Great Whale River. Although the trees at the lower 
elevations were generally more symmetrical than those 
higher up, their roots lay so near the water table that 
their use in this study was clearly ruled out. The 
trees from which collections were made were 50 feet 
or more above the level of the beach. 

A forest of black spruce 20 miles east of Gulf 
Hazard growing on the elevated delta of the Wiaclie- 
wan River in the southeast corner of Richmond Gulf 
was studied. sections were taken from 
one large tree (No. WR 129, Fig. 20) that possessed 
some of the irregularities noted in the other stands. 
Consideration of the growth pattern of this tree there- 
fore strengthens the drawn from the 
slightly asymmetrie trees in the larger stands de- 


also Cross 


conclusions 


seribed above. 
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Fic. 18. Aerial photograph showing area of Gulf Hazard Stand which is indicated by an arrow. 





Fig. 19. The Gulf Hazard Stand of white spruce. Trees averaged over 40 feet tall with some over 50 feet tall. 








132 





Fic. 20. Tree number WR 129, a 37 feet tall black spruce 
with irregular longitudinal distribution of branches. Ele- 
vated delta of the Wiachewan River. 


LABORATORY METHODS 
CROSS SECTIONS 
Preparation of the cross sections was begun in the 
wood-working shop of the Department of Mechanical 
After 
major irregularities had been removed with a cireular 


Engineering at the University of Minnesota. 


saw, the sections were sanded under a large “band- 


sander.” The grade of sand paper used was too 


coarse to produce a uniformly well polished surface, 
but the with which the growth lavers 
stood out on well sanded portions and the speed of 
operation this 


distinetness 


suggests excellent potentialities for 
method. 

The sections were later taken to Texas Technolog- 
ical College, where Dr. Waldo S. Glock very kindly 
demonstrated an effective method of polishing them, 
which is similar to the one independently attempted 
by the writer. Using Dr. Glock’s technique, the see- 
tions were treated as follows: 

A section was clamped to the revolving head of a 
lathe. If it had an irfegular surface, initial leveling 
was accomplished with a sharp lathe knife. While 
using the knife, it was necessary to have the seetion 
revolving at high speed and only a very minute thick- 
The depth of each 
eut and the rate at which the knife moved across the 


ness could be cut at one time. 
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face of the section were gradually decreased until 
only powdered wood was being removed. 

After smoothing with the knife had been completed, 
sand paper mounted over a block of wood was moved 
back ‘and forth across the face of the revolving see- 
tion, successively finer-grained papers being used. 
During the final polishing, in which felt was used in 
place of sandpaper, it was necessary to keep careful 
watch for the point where there was maximum dif- 
ferentiation between the “light wood” (spring wood) 
and “dense wood” (summer wood) and 
maximum distinetness of growth layers. 

The surface produced by this method is very well 
suited for growth-layer studies (Fig. 26). Sinee indi- 
vidual cells stand out very clearly when viewed with 
a lens, it is easy to locate the absolute limits of a 
laver. 


therefore 


After polishing was complete, six radii approxi- 
mately equi-distant 
normalities 


and apparently free from ab- 
selected for measurement. Along 


each selected radius every 10th, 50th, and 100th layer 


were 


was marked with one, two, and three needle holes 
respectively. 
Measurements were made with an inerement core 


measuring device which is the property of the Bureau 
of Entomology, U. S. Department of Agriculture. 
The instrument is essentially a binocular microscope 
with the stage attached to a threaded bolt with knobs 
on the ends for moving the stage. A dial-recorder 
connected with the stage records the horizontal dis- 
tance which it moves. This connection is fitted with 
a release attachment which when tripped permits the 
indicator needle to return to the zero position, thus 
allowing direct reading of the measurement of each 


ring and increasing the speed of operation. The 
recorder is graduated in 0.01 mm. divisions. Num- 


hers appear at 0.1 mm. intervals and one complete 
revolution of the mm. Thus 
measurements can be read accurately to a_ fineness 
of 0.01 mm. 


needle represents 1 


Since an individual growth-ring has a somewhat 
undulating rather than a smooth-walled surface, fol- 
lowing a straight line from bark to pith results in 
oblique measurement of some layers. Therefore, all 
measurements were made parallel to the rays so that 
they would represent the same dimension of each 
laver. 

The accuracy of the instrument was tested by dupli- 
cating the measurements of over 800 rings. Com- 
parison of the two sets revealed an average variation 
between the duplicated measurements of only 0.04 
mm. and a maximum variation of less than 0.1 mm. 
Since no marked followed between the 
needle-holes on the section, these variations may be 
due to failure to duplicate the original line of meas- 
urement as well as to possible errors in the instru- 
ment. 


line was 


Since each growth-ring was measured. 36, 30, 24, 
18, 12, or 6 times, depending on its position in the 
trunk, it was possible to check the measurements by 
the For ex- 


comparing graphs of measurements. 
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ample, the measurements of each growth-ring on all 
6 radii of one section were added together and an 
average width for each growth-ring was obtained. 
These data were then graphed. Thereafter, the points 
for the graph of a single radius were plotted but 
before connecting lines were drawn the points were 
compared with the average by superimposing the two. 
When the width of a ring on one radius was con- 
spicuously different from the average for that layer 
a check was made against the measurement data sheet, 
then against the section. When the discrepancy on 
the graph was not obvious on the section, duplicate 
measurements were made. Thus, if a given ring was 
relatively thick on the average, and thin on a single 
radius, a complete checking was made. 

The average width of the rings on each cross see- 
tion was obtained by averaging the measurements 
from the 6 different radii. The average width of the 
rings in a tree was obtained by averaging the data 
from all sections from the tree. 


INCREMENT CORES 


Increment cores were prepared for study by shav- 
ing one side with a sharp razor blade; an attempt 
was made to provide a surface which cut the tracheids 
exactly in transverse section, because in that plane 
the growth rings are most distinct. The rings were 
counted from the outside inward, and, as in the cross 
sections, each tenth ring was marked with a needle 
hole. 

Since the cores were intended to supply data re- 
vealing only the more conspicuous fluctuations in 
growth, it was not necessary to measure the rings. 
The more rapid “reading” technique developed by 
Douglass and fully deseribed by Glock (1937) was 
used. The cores were read by means of a low-power 
binocular dissecting microscope. The eritical narrow 
rings (narrow in relation to neighboring rings) and 
other peculiarities were recorded on a data sheet, pro- 
ducing a so-called “number plot.” The data from the 
four number plots of a single tree were averaged and 
recorded on what may be ealled a chart of critical 
rings on which the height of a line is inversely pro- 
portional to the relative width of the ring it repre- 
sents. Finally, these were combined to give a diagram 
of critical rings for each stand. 

Laboratory study of the cross sections revealed that 
in a few cases the innermost rings at one level were 
conspicuously different from the width of those rings 
at lower levels in the trees; therefore the inner 10 
rings were not considered. 

Actual measurement would doubtless reveal numer- 
ous additional rings which are consistently below 
average width but in which the differences are too 
slight to be detected with certainty by the technique 
used. As a matter of fact while studying the cores, 
the writer was conscious of numerous slightly nar- 
rower rings which seemed to eross-date as accurately 
as the conspicuously narrow ones but which were 
not “critical” enough to take on 


unquestionable 
significanee. 
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METHODS OF PRESENTING Data 
CROSS SECTIONS 

The characteristics of the growth-layers which bear 
upon the present problem are given in graphic form. 
Figures 21 and 22 present the data derived from 
cross sections of the two dissected white spruces, 
GWR165 and GH152, respectively, upon which main 
reliance has been placed. Figure 23 
data for black spruce, WR129. 

Since it is difficult to compare slight differences 
when the graphs are placed one above the other on 
a single sheet, a special technique was developed for 
reproducing the graphs in combination. The meas- 
urements from each radius for a given section were 
plotted on separate sheets of tracing paper tacked 
over 2-mm. graph paper and the plotted points were 
connected to make a continuous line. 
combination of 


gives similar 


Any desired 
graphs could then be compared by 
superimposition and viewing by transmitted light. 

For illustrative purposes, the graphs to be com- 
pared were superimposed, placed between glass plates, 
and photographed by transmitted light. 

Each set of 5 or 6 superimposed graphs (A through 
E or F) in Figures 21, 22, and 23 thus eantains the 
measurements made on a single cross section; each 
constituent graph represents a single radius. Each 
graph of the set at the bottom (AVS) represents the 
average width (from 6 measurements) of the growth 
rings on a single cross section. 


INCREMENT CORES 

For organizing the data from increment cores a 
technique more rapid than measurement was em- 
ployed, since in this case the absolute width of the 
rings is not needed. The distinctively narrow rings, 
properly spaced so as to indicate their positions in 
the time sequence, were recorded on 2-mm. graph 
paper. In Figure 24, based on from the 
Great Whale River stand, each vertical line repre- 
sents the occurrence of a growth-ring visibly nar- 
rower than its neighboring rings and by its length 
the approximate degree of narrowness. The inter- 
vening blanks indicate periods during which layers 
of approximately average and uniform width were 
formed. (This technique is taken from Douglass’s 
and Glock’s method in dendrochronology building as 
deseribed by Glock in 1937.) 

The data the individual trees in the Gulf 
Hazard stand are very similar to those from Great 
Whale River. Master charts from the two stands 
representing departure from average layer width are 
constructed by averaging the lengths of the lines 
given in Figure 25. 


8S trees 


from 


RESULTS: CHARACTERISTICS OF GROWTH-RINGS 


ANNUAL CHARACTER 


A necessary prerequisite to this type of growth- 
ring study is to know whether or not each individual 
iayer was actually built up in a single growing sea- 
The usual assumption is that, with 


son. rare and 








Ecological Monographs 
Vv 

















134 JoHNn W. Marr ol. 18, No. 1 
ISEC,F 
TREE NO.GWRI65 WA AKAs 
EC.E 
EC.D 
























































Ss 
1.0 


pins a 
4lo slo 6lo zo slo 9\o 19/00 Ilo 2io 3lo | 


Graphs of measurement of growth rings of tree number GWR 165. See text for explanation. 























Fig. 21. 
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Fic. 22. Graphs of measurements of growth rings of tree number GH 152. See text for explanation. 
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Fig. 23. 


easily identified exceptions, growth-rings are annual. 
Glock believes, however, that one should not make 
this assumption without considerable supporting evi- 
dence. He states in particular that “the possible 
presence of multiple growth-layers in one annual in- 
crement should be taken into consideration by those 
who take their trees from border areas” (1941). The 
Richmond Gulf region is assuredly a “border area,” 
and therefore caution must be used at this point. The 


Malan tial wll 


Graphs of measurements of growth rings of tree number WR 129. 
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See text for explanation. 


confusion which would arise from attributing two or 
more very narrow layers formed in a single season 
to successive seasons is perfectly obvious. 

The writer is confident that in the spruces used in 
this study the growth-rings are predominantly, if not 
entirely, annual—that if any extra layers are present 
they are so rare as to be of no consequence for this 
study. This belief is founded on a detailed study of 
the course of growth in 1939 and is further supported 
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Fig. 24. Charts of critical rings for 
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Fig. 25. Master charts of critical rings for the 


by deductive reasoning. During the summer of 1939 
collections were made every week from the first week 
in July through the month of August. A single com- 
plete ring was formed during that period and it is 
very improbable that another layer could have been 
produced in the short time remaining before the 
freeze-up. The brevity of the time in 
Which temperature is high enough for the cambium 
to function suggests that the production of several 
layers in one season is almost impossible. 


aggregate 


Brevity 
is due first to the shortness of the growing season, 
Which probably averages less than two months, and 
second, to the low average daily temperature (around 
50° F.) during that season, which still further limits 
the time during which the cambium can function. 
Certain rings having extremely narrow dense wood 


Great Whale River and the Gulf Hazard stands. 


(Fig. 
wood 


26) (Apparently comparable to the “light late- 
rings” of Giddings (1941).) might be suspected 
false annual layers.” 


of being “* This is not possible, 
however, because this type of dense wood may occur 
in two successive and relatively wide rings. If we 
assume that these are false annual rings, we are 
assuming that the narrow dense wood was formed in 
the middle of rather than at the end of the growing 
season. This would further require that with such 
layers there is associated another ring having the 
normal dense wood formed at the end of the growing 
season. Therefore if the two adjacent layers with 
rarrow dense wood were both false annual rings, it 


would mean that three complete layers, two with nar- 
row dense wood and another with the ordinary type, 
The product would 


were formed in a single year. 
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Fic. 26. Part of a polished cross section of a tree illustrating growth rings having extremely narrow dense wood 


(indicated by arrows). 


be a layer of xylem about twice as thick as the 
widest single ring observed. It is highly improbable 
that a single growing season interrupted twice by 
abnormally adverse conditions (indicated by the lay- 
ers of dense wood) would permit the production of 
so much xylem. A more logical explanation of these 
layers with narrow dense wood is that conditions per- 
mitting radial growth came to an abnormally abrupt 
ending rather than tapering off gradually and _ per- 
mitting the development of the usual amount of dense 
wood. 
AVERAGE WIDTH 

Average width of growth rings is roughly indica- 
tive of average quality of growing conditions. Since 
the trees here studied grew upon the comparatively 
favorable soils of the elevated deltas, it may be 
assumed that any limiting effect of edaphic factors 
was very slight and that, therefore, the average width 
of their growth-rings indicates the general suitability 
of the atmospheric factors for their growth. Table 2 
presents data on the average width of growth-layers 
of trees in three different stands on elevated deltas. 

Layer width is decidedly small in comparison with 
what one would find in the heart of the conifer forest 
region; but yet, the average for all, approximately 


1 to 2 mm., is by no means the almost microscopic 
figure that we associate with trees growing under con- 
ditions approaching the limit for existence. 

NARROW LAYERS 

Frequency and severity of unfavorable years are 
more significant in evaluating climatic suitability for 
forest growth than are average conditions; such sea- 
sons are recorded in the bole of a tree usually through 
rings narrower than the average or by incomplete 
lavers. If narrow layers “cross-date” (oceur in the 
same year) from tree to tree over a wide area, it 
may be assumed to be eaused by adverse weather 
conditions. The only other factor that varies uni- 
formly over a wide area from year to year is attack 
by parasites. No evidence of injury by parasites 
was found in the Richmond Gulf region. 

In order to cover a sufficient number of trees to 
permit an adequate attempt at ecross-dating it was 
necessary to depend in the main upon increment cores. 
Since the width of a growth-ring may vary somewhat 
between different sides of a tree, it was necessary to 
determine whether or not measurements on four cores 
cover the range of variation completely enough to give 
a reliable picture of the relative radial growth of a 


tree. This was done by resorting to the more com- 
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plete and quantitative data provided by the several 
sections of the three dissected trees. 

Comparison of the relative width (relative to its 
two neghboring layers) of a growth-ring on different 
radii of a eross section gives a character called “eir- 
cuit uniformity” by Glock (1937). Tree GWR165 
has essentially perfect cireuit uniformity on all six 
eross sections? (Fig. 21). ‘Vertical uniformity,” the 
relative thickness of a layer at different levels in the 
tree, is also essentially perfect. This is demonstrated 
in Figure 21 AVS which shows the averages of all 
sections superimposed. With the exception of the 
central few layers at each level, a growth-ring has 
the same relative width at all levels. The central 
rings at any level above the base may fail to vary in 
accordance with the same layer at lower levels. For 
example, the 1922 layer is relatively wide (wider 
than the 1921 and 1923 rings) at level F, where it is 
only three layers from the center, while on all 
lower levels, where it is farther from the center, it 
is relatively narrow. The perfection of circuit and 
vertical uniformity is emphasized by the fact that out 
of 2,340 measurements of 107 different layers, only 
one layer on two radii of one section fails to conform 
in having essentially the same relative width in all 
parts of the tree. For tree GH152 the comparative 
graphs in Figure 22 reveal that both “cireuit” and 
vertical uniformity are very good. In a single case 
it was found that an abnormality had upset the nor- 
mal sequence of relative thickness of layers. On 
radius three of section B, the 1922 layer is as wide 
as the 1921 layer, while on all other radii it is rela- 
tively narrow. Inspection of the cross section showed 
that this diserepancy is due to a local “surge” in the 
1922 ring on radius three. 

Although GH152 had a symmetrical crown, some 
of the older trees in the same stand from which cores 
were taken had slightly irregular longitudinal dis- 
tribution of branches. It was suspected that irregular 
growth rings might be associated with this feature. 
In order to determine whether such a connection ex- 
isted, an analysis was made of WR129, a black spruce 
which had the most irregular longitudinal distribution 
of branches of any tree encountered. Figure 23 shows 
that in spite of longitudinal irregularities in its crown 
(Fig. 20) and considerable quantitative variation in 
growth in different parts of the tree (A and F of 
Fig. 23) both cireuit and vertical uniformity are 
essentially as perfect as in the other two dissected 
trees. It appears, then, that the trees at Gulf Hazard 
with slightly irregular crowns may safely be used in 
this study. 

The above conclusions drawn from the three dis- 
sected trees indicate that the amount of growth in 
one year relative to that of the preceding and fol- 
lowing years is constant in all parts of the bole ex- 
cept in the innermost few rings at a given level. 
Study of a single core taken at any point, therefore, 
gives an accurate representation of the relative width 


* Since variations up to 0.1 mm. may occur in measurement, 
any difference of less than that amount is not significant. 
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of the growth-layers in trees of this region and an 
average of data obtained from cores along four radii 
is more than adequate. It should be emphasized that 
these statements apply to relative growth only and do 
not hold true for the absolute quantity of growth. 

The reliability of cores having been established, it 
is next in order to consider the results obtained from 
these samples. Examination of Figure 24 giving data 
from 8 trees at Great Whale River, each tree repre- 
sented by four cores, shows that the critical narrow 
rings correspond in a regular pattern from tree to 
tree—in other words, that they cross-date. The 
diagrams for the other 6 trees from this stand are 
not given here because they are relatively young. It 
is significant, however, that the narrow layers in 
these vounger trees cross-date with those illustrated 
in Figure 24. The cause of production of narrow 
rings is thus operative not in individual trees merely 
but throughout the stand. Comparison of the master 
charts of Great Whale River and Gulf Hazard (Fig. 
25) demonstrates satisfactory cross-dating of narrow 
layers between these two stands, which are 80 miles 
apart. Cross-dating is equally close between the see- 
tions of the dissected trees from the GWR and GH 
stands (see Figs. 21 and 22). The cause of produc- 
tion of narrow rings is therefore regional in operation. 
The only factors which fluctuate regionally in this 
area are atmospheric. The reasonable conclusion is 
that variations in relative width of growth-rings are 
due to fluctuating climate, and that the eritie+] nar- 
row layers were formed in particularly unf. .orable 
seasons. ; 

The above conclusions are based upon trees grow- 
ing in one type of soil, and, with a single exception 
(WR129), upon one species. Preliminary study of 
collections from spruce growing on clay and in rock 
crevices, and from larch on peat and sand reveals 
that the conspicuously narrow layers in these trees 
cross-date with those in the trees growing on elevated 
deltas. Fluctuations in growth that eross-date from 
one soil type to another and from species to species 
are added confirmation of the above conclusions. 

INCOMPLETE LAYERS 

Examination of the three dissected trees revealed 
not a single instance of a layer that was cireumferen- 
tially incomplete. Vertical continuity is equally cer- 
tain, since the layers could be accurately cross-dated 
from section to section. Perfect cross-dating among 
the four cores in each of the many trees sampled in 
this manner practically eliminates the posibility of 
incomplete layers at the level where the borings were 
made. Completeness of growth rings is certainly 
the very general rule for trees on good soils in this 
region. 


DISCUSSION AND CONCLUSIONS 


It has heen generally assumed, and quite naturally, 
that the nature of the ecotone and the present posi- 
tion of northern tree limit are determined by atmos- 
pheric factors (in common usage, by climate) acting 
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Fig. 27. 


residual soil. Island in Richmond Gulf. 


directly on the trees. 
ecotone 


This implies that across the 
there is a elimatie gradient in which the 
resultant of atmospheric factors becomes progres- 
sively less favorable for tree distribution in the north 
portion of the ecotone and a prohibitive influence at 
the present tree limit. That a climatie gradient does 
exist is undoubtedly true, but in the light of data here 
presented, it is obvious that climate is neither the local 
limiting factor in the Richmond Gulf portion of the 
ecotone nor the factor preventing trees from growing 
north of tree limit in this region. 

Current knowledge of both the climate of this re- 
gion and of the climatic tolerance of the species 
involved is not adequate for proving the above asser- 
tions. The trees themselves, however, give evidence 
in their growth-rings more satisfactory than many 
columns of climatie data. 


Factors ConTROLLING Local DISTRIBUTION 
OF TREES 

The fact that trees oceupy practically all habitats 
where soil occurs regardless of exposure, being absent 
only from habitats of essentially bare rock, suggests 
that climate is suitable for trees and that the direet 
factor preventing the occurrence of forest over all 
and surfaces is lack of soil. As was described above, 
geologic processes during and following the glacial 
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Small, angular rock fragments weathered from bedrock illustrate early stages in the formation of a 


periods removed all soil and even loose parent mate- 
rial from most of this region. The period of. sub- 
aerial history has been so short and the climate dur- 
ing that period has been so adverse to soil forming 
processes that very little soil has developed. Given 
sufficient time, with climate held constant, forest will 
develop over the whole area as soils of organie and 
inorganic nature develop and preliminary stages of 
succession oceur. There is ample evidence that both 
sets of processes are in actual operation. In many 
dry situations small fragments weathered from bed- 
rock already form a thin covering (Fig. 27). In 
moist places a layer of organie soil has come into 
existence and is spreading slowly over adjacent 
smooth rock surfaces (Fig. 28). Trees are taking 
root here, joining those already established in erevices 
(Fig. 29). More vivid evidence of succession from 
tundra to forest was supplied by study of duplicated 
photographs.’ In 1939, the writer succeeded in re- 
peating three photographs made at Richmond Gulf 
in 1899 by the Canadian explorer and geologist, A. P. 
Low. The resulting pairs of photographs show that 
suceessional progress, though slow, is taking place at 
a rate sufficient to make itself evident after a lapse 
of less than half a century. 

Conclusions drawn from growth-ring analysis 
strengthen those formulated from field observations. 
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The spread of vegetation and development of organic soil over a rock surface kept moist by the melt- 
ing of a large snow bank higher up the slope. Also, the rock surface illustrates polishing and grooving by glacial 
action. Mainland south of west tip of Cairn Island. 
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Fic. 29. Young trees take root in small rock crevices and hasten the spread of forest over areas now occupied 
by tundra. The taller trees average about 25 feet tall. Southeast slope of Cairn Island. 
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In the preceding section it was demonstrated that the 
collections used give an accurate representation of 
average tree growth in the Richmond Gulf region. 
A connection between atmospherie factors and certain 
deseribed characters of growth-layers was suggested. 
For narrow layers it was possible to go further and 
demonstrate a positive relation to climate by showing 
that they cross-date over a wide area. And further, 
the conclusion that growth-ring analysis proves that 
this part of the ecotone has a forest climate was pre- 
sented. This conclusion rests on the fact that trees 
on good soil have relatively large average radial 
growth, few relatively narrow rings, no critically nar- 
row layers and no incomplete rings. 

These conclusions demonstrate that, considered as 
a whole, the vegetation in this region has not achieved 
the level of climatic climax vegetation. The present 
patchwork of tundra and forest is a complex of suc- 
cessional stages all of which are pointing toward the 
development of the Subartie Conifer Forest Plant 
Formation which is represented here by a plant asso- 


ciation dominated by black and white spruces. The 
forest patches are approaching the climax level. The 


areas of tundra are edaphic subclimaxes which have 
far to go before reaching the relatively stable level 
of climax vegetation. 


Factors CONTROLLING CURRENT NORTHERN 


TREE Limit 

The conelusion that this region has a forest climate 
leads logically to the question as to whether this eli- 
mate suitable for trees extends north of the eurrent 
northern tree limit at Richmond Gulf. This question 
can be answered satisfactorily by determining how 
close the climate at Richmond Gulf is to the minimum 
for tree growth. 

Several lines of evidence from field observations 
lead to the conclusion that the regional climate around 
Richmond Gulf presents conditions definitely above 
the minimum for the growth of trees. The types of 
evidence are as follows: 

1. The forest is actively spreading from its exist- 

ing footholds. 

2. Trees on favorable soils are large, thrifty, and 

free from injury by atmospheric factors. 

3. Near the margin of the range of a species, 
it frequently happens that individuals migrate 
outward into areas where climate is near the 
minimum for its existence. These individuals 
live for a number of years but are eventually 
killed off by a season of extraordinarily severe 
weather. The presence of several stands of 
trees containing individuals over 200 years old, 
and paucity of trees that have been killed or 
even injured by atmospheric factors indicate 
that nothing like this has happened around 
Richmond Gulf during the last two centuries. 

4. Similarly, individual plants may grow vegeta- 
tively beyond the climatic boundaries in which 
they can reproduce. Many of the trees around 
Richmond Gulf bore an abundance of cones in 
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the summer of 1939. The abundance of seed- 

ling trees of all ages on burned areas proves 
that many of the seeds produced are viable. 

5. Injury of trees by winds is limited to very local 
situations. 

6. Areas where fires have destroyed forest stands 
are being reforested naturally. In one in- 
stance, study of an area photographed by Mr. 
A. P. Low in 1899 revealed that a fire had 
destroyed part of a stand between 1899 and 
1914 and that in 1939 25-year-old spruce trees 
were already established in the burn. 

At Beach Creek, a fire of unknown antiquity 
had destroyed most or all of the forest on the 
elevated delta. In 1939, trees had formed a 
dense forest at the margin of the delta. The 
presence of trees of all ages along the margin 
of the forest and seatered individuals all over 
the delta demonstrated that forest is actively 
spreading and will eventually cover the entire 
delta. 

These two examples of the capacity of spruce 
forest to reestablish itself after a fire indicate 
a vigor which is not present in trees at a tim- 
berline controlled by climate. 


Growth-ring analysis supplies a more quantitative 
measurement of climate because the degree of adver- 
sity of. atmospheric factors is indicated by the char- 
acter of the growth-rings of trees growing on good 
soil. As the atmospheric factors become progressively 
more unfavorable, the tree reacts first by narrowing 
of layers, later by incompleteness of layers and finally 
by missing rings (years in which no radial growth 
occurred ). 

The relatively great width of growth-rings in white 
spruce demonstrates beyond question that average 
climatie conditions are well above the minimum for 
the existencé of that species. Preliminary analysis 
of black spruce and larch indicates that the same 
is true for those species. 

As has been suggested, however, extreme fluctua- 
tions in climatie conditions are more important than 
average conditions. Absence of adverse extremes dur- 
ing the growing season is demonstrated by absence of 
“multiple growth-rings,” that is, by the annual char- 
acter of the lavers. Infrequeney of adverse extremes 
affecting an entire growing season is evident in the 
paucity of narrow rings. There are very few dis- 
tinetly narrow layers and most of those present are 
not so narrow as to be especially conspicuous. For 
example, annual radial growth has been so uniform 
at Gulf Hazard during the last 230 vears that only 
41 growth-rings are sufficiently below average width 
to permit visual detection of the deviation; only 23 
of these 41 layers are conspicuously narrow. At 
Great Whale River only 27 detectably narrow and 
only 11 conspicuously narrow layers have been formed 
in 160 years. Although the occasional narrow rings 


indicate lower than average conditions for those par- 
ticular years, the fact that every tree studied had 
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formed a complete layer each year of its life proves 
that conditions have remained consistently well above 
the absolute minimum for the trees. 

Evidence from growth-ring analysis thus supports 
the conclusion that tree growth in this portion of the 
ecotone has not been critically limited by climate dur- 
ing the last 250 years. Since major variations in 
climate take place very slowly, being measured in 
hundreds or thousands of years, it is logical to assume 
that climate has been favorable for trees for a much 
longer time than the observed period. 

These conclusions concerning the degree of favor- 
ableness of atmospheric factors for tree growth 
around Richmond Gulf shed light on the question 
posed above as to what factor is determining the 
present location of northern tree limit. In the periph- 
eral zone of the climatic range of species, growing 
conditions regulated by atmospheric factors are, of 
course, near the minimum for the existence of that 
The Richmond Gulf region is in the periph- 
eral zone of the present range of black and white 
spruces and larch. The evidence here presented 
proves that climatie conditions in the region of the 
Gulf are well above the minimum for the growth of 
these trees. Assuming that the climatie gradient is 
a gradual one, the absence of trees along the coast 
immediately north of Richmond Gulf is not the result 
of a climate that is too severe for trees. 

It would be very helpful to know what the soil 
conditions are beyond tree limit. Unfortunately the 
only recorded field observations in that region are 
the brief notes of A. P. Low, from which little of 
value concerning the ecology of the area ean be 
gleaned. Sinee in going northward from Richmond 
Gulf the Labrador center of glaciation is left behind, 


species. 


TABLE 2. 
and cores. 


Average layer width from cross sections 








Tree Average 
number Age ring width 
dS 88 1.64 mm. 
< ——e eee, 97 1.28 
_. 3 107 LZ 
_; eee 111 12 
eee 145 1.25 
ee 146 1.14 
ne ens 161 95 
| ne : 170 .94 
176 i eg 
_,. Rr rree 178 1.06 
| Re aE on 179 .79 
GHI46B..... oa 90 1.53 
ee 91 Le 
St... .. = 134 1.16 
. eee 136 1.62 
ee 142 .94 
oe ares 145 1.08 
_ re ee 199 .40 
ee 214 .69 
WRI129*.... 173 88 





Indicates measurements on cross section; the others were made on cores. 
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conceivably the amount of glacial soil materials may 
actually increase in that direction. Therefore it may 
well be that soil conditions are even less a limiting 
factor than around Richmond Gulf. But the only 
source of trees for migration is in the south, for all 
preglacial or integlacial forests, if any existed in 
the north, were destroyed by the ice flood. The north- 
ward spread of forest from far southern sourees, lim- 
ited as to available time and hampered by seareity 
of soil, has not kept pace with post-glacial climatic 
amelioration. On the east coast of Hudson Bay, the 
potential climatic limit of forest under existing con- 
ditions is an unknown distance north of the actual 
limit at the present time. 


SUMMARY 


1. On the East Coast of Hudson Bay between 
Latitudes 53 and 56° North forest gives way to tundra 
across a broad transition zone or ecotone. This eco- 
tone consists of a patchwork of communities of the 
Subaretie Forest Plant Formation and the Aretie 
Tundra Plant Formation. 

2. This paper deals with the ecological character 
end environmental relations of the ecotone with spe- 
cial reference to factors restricting the occurrence of 
trees within the ecotone and factors determining the 
present position of northern tree limit. 

3. The entire breadth of the ecotone was observed 
from the air. Intensive studies were conducted on 
the ground at Great Whale River and Richmond 
Gulf. The latter lies at the north limit of trees and 
the former is 80 miles farther south. Detailed anal- 
ysis of tree growth-rings is used to support eon- 
clusions drawn from field observations. 

4. Field observations revealed that trees grow on 
all areas of suitable soil (here used in the broad 
sense) regardless of exposure to atmospherie factors. 
Areas unsuitable for trees because of absence of soil 
are occupied by tundra. Trees are invading tundra 
areas as soil develops. 

5. Growth-ring analysis proves that tree growth 
on good soils has not been critically limited in the 
past 250 years. 

6. It is coneluded that this portion of the ecotone 
has a forest climate. Occurrence of trees is limited 
by dearth of soil and not by atmospheric factors act- 
ing directly on the trees. The present regional vege- 
tation has not achieved the level of climatic climax 
vegetation. The current patchwork of tundra and 
forest is a complex of successional stages tending 
toward the development of the Subarctie Forest Plant 
Formation represented here by a plant association 
dominated by black and white spruces. The forest 
patches are approaching the climatic climax level. 
The areas of tundra are edaphic subclimax commu- 
nities that have far to go before reaching the level 
of climax vegetation. However, given sufficient time, 
with climate held constant, forest will oceupy the 
entire area as soils of organic and inorganie nature 
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develop and preliminary stages of succession occur. 
Ample evidence that these successional tendencies are 
currently active is presented. 

7. Dearth of soil is a result of the geologic history 
of the region. Continental ice sheets of the Pleisto- 
cene epoch removed all soil and even loose material! 
from the bedrock and left very little debris behind 
when they melted. Most of what may have been left 
has been removed by stream wash, and also by wave 
action which progressively affected much of the re- 
the of level 
post-glacial time. subaerial history 
and the character of the climate 
has been so adverse to soil forming processes that very 
little soil has been formed. 


gion during relative lowering in 


The period of 


sea 


has been so short 
Thus climate has had an 
indirect effect on the development of the current dis- 
tribution of trees although it is not the direct factor 
restricting their occurrence. 

8. The question, what factor is controlling the eur- 
rent position of northern tree limit is posed. Evidence 


is given that, contrary to the natural assumption, cli- 


imate is not the direct factor preventing the northward 
At the 
edge of the climatie range of a given species, atmos- 


spread of trees beyond the present tree limit. 


pherie factors are at a minimum for individuals of 
that species. Growth-ring analysis and reproductive 
of the that the climate at 
Richmond Gulf is not only possible for trees but is 


activities trees indieate 
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actually somewhat above the minimum for their ex- 
istence. Richmond Gulf is at the present north limit 
of trees. It is logical to assume that under the 
geographie conditions of this region, the climatie 
gradient is gradual not abrupt. Obviously, then, eli- 
mate is not the factor determining the current north 
limit of trees. The potential climatie limit of forest 
under existing climate is an unknown distance north 
of the actual limit at the present time. 
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